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ABSTRACT: The design of chemical products that satisfies customer requirements commences with the identification of desirable properties for a specific application. Molecular design techniques have been traditionally used to find the products that meet the identified properties. Conventionally, product design based on properties is done based on the assumption that property prediction models are available for the target properties. However, in many design problems encountered in industry, such prediction models may not be readily available. In this paper, we have developed a systematic framework for the design of chemical products by targeting the attributes defined by customer even if there are no property prediction models available for target properties. In addition, a methodology has been developed for the understanding of the global interactions between properties and their impact on environmental and technical performance. Different kinds of chemometric techniques have been used to define the needs of the customer in terms of physical properties. In the next step, computer aided molecular design techniques have been integrated with the data driven methodologies to design the optimum products. To illustrate the applicability of the developed framework, a case study has been discussed to design environmentally benign chemical products to satisfy property requirements of a biofuel additive. This has been achieved in conjunction with the developed property models that represent consumer defined attributes of biofuel additives.
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1.          INTRODUCTION

1.1        Chemical Product Design

Chemical products consist of a very wide range of scopes and they can be generally categorised into three classes, namely basic chemical products, industrial products and consumer products. The first class is the basic chemical products, which usually consists of well-defined molecules and mixtures of molecules. Secondly, industrial products are those typically categorised by thermophysical and transport properties. Finally, consumer products are manufactured by basic chemical and industrial chemical products. Unlike other products, configured consumer chemical products are usually sold to the consumers. Though different in functionality and quantity produced, the procedure in designing these different classes of chemical products is similar.1

Due to the changes in chemical industry over the recent years, the design of chemical products has become more important and essential. Chemical product design is the process of choosing the right product to be made for a specific application.1 It can be defined as the identification of molecule/mixture that possesses properties which fulfils a set of desired customer requirements. Moggridge and Cussler proposed a general framework of chemical product design process.1 Figure 1 illustrates the four stages of chemical product design.
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Figure  1:      Chemical product design stages.



Based on the framework, the chemical product design consists of four stages. They are the needs, ideas, selections and manufacture. Chemical product design begins by identifying the desirable properties of the target chemical. This is required in order to satisfy a specific industry or the consumer's needs. It can be seen that the whole chemical product design process is driven and governed by the requirements of the customers. In many occasions, the customers' interests can be quantified in terms of product properties. Therefore, it is important to have a tool that systematically identifies the chemicals or blends with desirable properties.2


1.2        Property Based Design

In most cases, functionality in a chemical product is defined in terms of physical properties rather than the chemical structure of the product. Since customer requirements are the driving force for chemical product design, it is important to convert their qualitative requirements into quantitative product specification in order to design a chemical product.3 This can be done by computer aided molecular design (CAMD) techniques. CAMD techniques are important for chemical product design for their ability to design and estimate molecules with a given set of product target specifications.4 Therefore, these techniques are often used in the early stage of chemical product design for screening purpose. While utilising CAMD techniques in chemical product design problems, property models are used to estimate the properties of the product. These property models are computational tools developed to predict the molecular properties from structural descriptors, which are used to quantify molecular structure of a molecule. Some of the frequently used structural descriptors are chemical bonds and molecular geometry. However, most of the formulations for chemical product design problem involve highly non-ideal mixtures and thus, the property models are usually have not been developed yet.4 The common models that are available for prediction of controlled chemistry are the thermodynamic models. Therefore, those non-thermodynamic properties are necessary to be further investigated or must be correlated to the thermodynamic properties.

1.3        Challenges and Motivation

Most of the current product design algorithms are based on the assumption that the property prediction models are available for the target properties. However, if the required property models are not available, the current available techniques are difficult to be used for the chemical product design problems. Therefore, it is necessary to develop a framework to solve product design problems by addressing the absence of property models. In this work, property models are generated by utilising experimental data for target properties where property prediction models are unavailable. The model development is based on the hypothesis that these properties can be represented as a function of other physical properties. Hence, the property model can be generated by identifying the correlation between the properties with other physical properties.


2.          METHODOLOGY

2.1        Proposed Framework

As mentioned earlier, the objective of this study is to develop a framework that integrates data-driven techniques with molecular design methodologies for optimal chemical product design. Through this, it will be possible to identify the optimal molecules with specific properties even if there are no models available to predict those properties. The developed integrated framework is divided into three interconnected phases, namely the problem formulation, statistical model development and molecular design.

2.1.1        Problem formulation

In problem formulation, the objective of the chemical product design problem is defined. The sources of this objective can either be a brand new chemical product with high market demand or a requirement for updating an existing chemical product with better functionalities. For both cases, the satisfaction of the need is formulated as a problem. In the next step, it is required to understand and define the influential design target parameters in terms of measurable product properties (e.g., boiling point, melting point, flash point, surface tension, viscosity, etc.) that affect the main objective such that it satisfies the customer needs.

Based on the targeted properties defined above, property models are required to generate and solve the defined objective. The most common property prediction models are based on group contributions (GC) techniques.5–7 These techniques consider a molecule as a collection of various molecular groups. The properties of the molecule can then be estimated as a summation of the contributions of the molecular groups and their frequency in the molecule. The property estimation model developed by using GC method can be represented by the following equation:7
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where f(X) is a function of the property X, w and z are binary coefficients depending on the levels of estimation, Ni, Mj, Ok are the number of occurrence of first, second and third-order group contribution correspondingly and Ci, Dj, Ek are contribution of first, second and third-order group subsequently. Second and third order molecular groups were developed as improvement to the first order molecular groups. By utilising these higher order molecular groups in GC methods, different functional groups and isomers can be distinguished and properties of molecules which involve polyfunctional groups can be predicted.6,7 GC methods have been widely applied in estimating a number of thermodynamic properties of organic compounds.6,7 However, not every physical property/attribute has specific property prediction models available. For these properties/attributes, it is necessary to develop new models based on experimental data. However, development of new group contribution models is a time consuming and tedious task. Therefore, in this work, the focus is on developing a prediction model based on the underlying properties of the attributes. The method used to develop target property models will be discussed in the following phase.

2.1.2        Statistical model development

In this stage, property models for properties which do not have available property models are developed. These physical properties can either be obtained from experimental data or estimated by utilising property prediction methods such as GC methods or TIs. These experimental data or predicted values are then used as the source for the development of the property model.

There are several strategies available develop a statistical model such as fitting regression models, factorial design, and analysis of variance (ANOVA), etc. Among all the strategies, a combination of factorial design technique and regression analysis has been chosen in this research methodology to evaluate the relationships between physical properties and attributes. The interactions between different properties are first addressed by utilising factorial designs. These interactions could have significant influence on the target attributes. Once the effect of different factors has been identified, the exact functional relationship between the properties and the attributes can then be developed by using regression analysis.


2.1.2.1     Factorial design


An experiment that involves the study of two or more factors is known as a factorial design, with the simplest type of factorial designs involving only two factors.8 Factorial design technique appears to be very efficient for its possibility to systematically combine the levels being investigated for each complete trial or replication of the experiments.9,10 In order to develop a property model, it is important to identify factors or independent variables that affect the response of interest or dependent variable. By utilising factorial design, effects and influence of the independent factors on the output of the dependent variable can be studied and investigated. Generally, a two-factor factorial experiment design can be represented as Figure 2.
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Figure  2:      General arrangement for a two-factor factorial design.



Let yijk be the observed response with ith level of factor A (i = 1, 2, …, a) and jth level of factor B (j = 1, 2, …, b) for the kth replicate (k = 1, 2, …, n). When the design factors are quantitative such as viscosity, pressure, density, etc., then a regression model representation of the two factorial experiments can be developed and written as:
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where y is the response of interest, β0, β1, β2 and β12 are the parameters values to be determined, x1 represents factor A, x2 represents factor B, x1x2 represents the interaction between A and B, and ϵ is random error term for the regression model.

Equation 2 above would be an illustration for the concept of interaction between two factors.8 β12 represents the interaction coefficient between x1 (factor A) and x2 (factor B). This interaction coefficient might be ignored if it is relatively small as compared to the main effect coefficients β1 and β2; hence, this shows that there is no significant interaction occurring between both factors.

These concepts can be illustrated graphically by using a response surface plot and a contour plot for the specific model. The 3D response surface plot shown in Figure 3 illustrates a plane of y values created by various combinations of x1 and x2. On the other hand, Figure 4 shows the contour lines of constant response y in the x1 versus x2 plane. Notice that both example plots show a plane response surface and a contour plot containing parallel straight lines respectively. This indicates that no interaction was contributed between x1 and x2 along with a small coefficient of β12. However, based on Figures 5 and 6, there is a significant interaction effect that twisted the plane in the response surface plot. This twisting effect of the response surface will cause the contour lines of constant response in the x1 versus x2 plane to be curved. Therefore, these two kinds of plot are very useful to represent an experiment model.
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Figure  3:      The response surface plot without interaction.
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Figure  4:      The contour plot without interaction.
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Figure  5:      The response surface plot with interaction occurring.
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Figure  6:      The contour plot with interaction occurring.



Once the underlying properties and their interactions have been identified, the next step is to use this information in developing the attribute-property relationship model. Based on the identified properties and the interactions, regression analysis can be used to generate the required model. Here, the attribute/property with no direct model is now represented in terms of other properties for which there are models. Therefore, the attribute can now be estimated from the molecular structure.


2.1.2.2     Model adequacy checking

The purpose in carrying out model adequacy checking is to ensure the robustness of the developed property models before utilising the model into molecular design problem. Decision is best indicated by the regression estimate for coefficient of determination (R2). As such, the high value of R2 will lead to a high precision.11 Besides that, residual analysis is a very helpful technique for model adequacy checking. Residual which is defined as the difference between the actual value and the predicted value can be calculated by the developed model. In Figure 7, the residuals are plotted against their expected values and residuals should be normal distributed. The data points plotted in this plot should form an approximate straight line to indicate that the normal distribution is a good model for this data set, whereas data points who far away from the line is consider as an outlier.12
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Figure  7:      Normal probability plot of residuals.



After finalising the developed target properties model, the next step is to develop a molecular product design problem by using the target properties model develop together with other models that available in literatures.

2.1.3        Molecular design

The last phase of the methodology is to utilise the developed property model into a molecular product design problem to find the molecules with optimum target properties. The first step in solving the chemical product design problem is the identification of appropriate property models. For the case in which a suitable property model is not available for the property of interest, the methodology discussed in the previous section is utilised to identify the respective property model. Once all the chemical product properties can be identified by utilising either the existing or developed property models, the next step is to identify the property target ranges for the chemical product properties. These target ranges define the upper and lower limit which the product properties will fall within. Once the property target ranges have been determined, possible molecular groups are selected as potential building blocks. In this step, possible types of atoms and bonds of the final product are selected. Next, structural constraints are identified to eliminate the combination of infeasible solution and ensure the formation of complete molecular structures. Finally, to generate the optimal molecular structure subjected to the property models and structural constraints, the chemical product design problem solved as an optimisation programming problem by solving the objective function.

In designing the molecules to serve the specific purpose, some constraints are needed to be imposed on the molecule. These constraints include structural and some specific properties depending on the process requirements.

The structural constraints that are to be imposed are:


	The Free Bond Number of the final molecule is zero to ensure that number of bonds attached to each group is equal to its valance and hence eliminating the possibility of existence any free hanging bonds in the molecule. The mathematical expression for the Free Bond Number (FBN), which is the number of free bonds in each acyclic molecular string is shown in Equation 3:13
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where FBNg is free bond number associated with group g.



	The following expressions can be developed to ensure the existence of a meaningful molecule:
[image: art]

In order to make sure that the designed molecules will meet the property targets identified in section 2.1.2, additional constraints must be imposed. In addition, it is important to make sure that the final structures will meet the constraints corresponding to environmental regulations as well.
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where ψm is the function of the target property, and m that can be represented using a group contribution model.

With this input of process constraints, similar constraints for physical, environmental properties and preselected groups along with the structural constraints of:
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The number of first order groups that could be possibly present in the to-be designed molecules is maximised. The reason behind maximising these groups is to ensure that no potential molecule is left behind.

2.1.3.1     Enumeration of higher order groups

In order to increase the accuracy of property-based molecular design techniques, the effects of higher order molecular groups are to be considered while designing molecules. Higher order groups give a better description of molecules and differentiation of structural isomers is possible using these groups. The following methodology has been developed to estimate the contributions of higher order groups based on work of Chemmangattuvalappil et al.:14

Rule 1: Higher order groups can only be formed from complete molecular fragments. For instance, to form the higher order group CH (CH3) CH (CH3), there must be two CH and two (CH3) groups. It is not possible to consider a CH (CH3) group as a half higher order group.

Rule 2: If any of the higher order groups completely overlap some other higher order group, only the larger group must be chosen in order to prevent redundant description of the same molecular fragment.

So, if (l: n) is the set of first order groups that are the building blocks of one higher order group, h, (nl: nn) is the number of those first order groups present in the molecule, η is the number of occurrences of one particular first order group in a selected higher order group, nh is the number of possible higher order groups from those first order groups, then:
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nh must be rounded down to the nearest integer number according to Rule 1. Moreover, some higher order groups may share a part of the higher order groups. For instance, 2 OH and 1 CH group can form 2CHOH groups. Hence, the possibility of sharing of various combinations of available first order groups participating in the given higher order group is considered.

So, If (il: in) number groups of (l: n) groups are shared, for all combinations of (il: in) such that (il: in)∈(nl: nn) and (nl: nn) ≥ (ηl,ηn) , the number of possible higher order groups is given by:
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The groups with valance one alone is restricted from being shared. Highest value of ngh is considered to be the maximum number of higher order groups ng possible from given first order groups contributing to the presence of that higher order group in the molecule.

If [image: art] is the property contribution from the higher order groups, it is calculated as:
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The property for molecule i can now be estimated using Equation 10:15
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Since all the combinations of all first order groups whose maximum is taken as the limit are considered, no potential molecule is left behind. Introduction of higher order groups in initial molecular design model would lead to a nonlinear model and their introduction initially doesn't increase the accuracy of the model fairly. So, finding the maximum of these higher order groups from different combinations of first order groups which obey the structural constraints would serve the purpose of finding potential molecules for a given process performance. Hence, all possible combinations of the numbers [0,ng] and [0,nh] are generated subject to following constraint.
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The above method of generation enables the identification of structural isomers to some extent as the possibility of nonexistence of each higher order groups is considered. The possible molecules are screened out by checking if the combination of all the groups satisfies all structural, property and process constraints. Rule 2 indicates that a higher order group is not completely overlapped by any other higher order group. Hence, after screening out the molecules based on above constraints, an extra condition of whether any second order group is completely overlapped by another is checked before the final screening.

Since the molecule is designed by targeting the optimal properties, it can be ensured that the customer requirements have been addressed. Figure 8 illustrates the whole framework in a flow chart to summarise the developed approach. Therefore, this framework will be applied into a case study to illustrate the application of the novel approach.

3.          CASE STUDY: DESIGN OF BIOFUEL ADDITIVES

3.1        Introduction

The application and effectiveness of the developed framework is shown by solving a biofuel additives design problem. Biofuels are found to contain lower carbon footprints as compared with fossil fuels on the basis of equivalent amount of energy produced.16,17 This is a huge advantage of biofuels over fossil fuels as environmental issues are considered. However, there are a few major drawbacks for biofuels to be used in commercial applications. Although biofuels are well known for producing less harmful pollutant such as carbon monoxide (CO), particulate matter (PM) and hydrocarbon (HC), the emission of mono-nitrogen oxides (NOx) of biofuels are higher compared to conventional fuel.18 One of the approaches in reducing this drawback is by adding fuel additives.19

3.2        Parameters Affect NOx Emissions

The NOx emissions are harmful due to its contribution to a wide range of environmental effects such as the formation of acid rain and also the formation of greenhouse gases. Many researchers have suggested various possible factors that affect the NOx emission in biodiesel. According to Nettles-Anderson and Olsen,20 viscosity of the biodiesel has a significant effect on the NOx emission. At low temperatures, an increase of biodiesel viscosity will increase the emission of NOx as the increase of viscosity will increase the NOx emission at low temperatures. Besides that, the density of biofuel will influence NOx emission. An increase in biofuel density will result in an increase of the NOx formation. Besides, the NOx concentration is also affected by the surface tension of the fuels.
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Figure  8:      The methodology flow chart for chemical product design.




Diesel spray properties include the Sauter mean diameter (SMD) and droplet size distribution.21 The increase of SMD is affected by the increase of viscosity and surface tension of the fuel. During the premixed combustion phase, an increase of droplet size reduces the fraction of burning fuel that leads to the increment of the diffusion flame combustion duration, hence, the NOx concentration increases. Last but not least, the increase in cetane number (CN) of biodiesel will reduce the NOx formation. This is because ignition delay has been shortened and this reduces the combustion temperature along with the residence time.

3.3        Biodiesel Additives Design

Based on the previous explanation, there are several fuel properties that could be controlled in order to produce a superior biodiesel additive. In this section, it is desired to design a biofuel additive that can be used to increase the biodiesel cetane number for NOx reduction. Besides that, other physical properties such as melting point, boiling point and flash point have been included in the design of biodiesel additives as well. These properties are to ensure the additive designed is in a liquid state where it will be suitable to mix with the biofuel itself. Flash point estimation is to determine the stability of the biofuel additive. Property and structural constraints were set to determine solutions that lie within the feasible region. The following subsection will discuss the process of designing the additives molecules by applying the framework developed in section 2.

3.3.1        Attributes model development

CN is a widely used fuel quality parameter. It is a dimensionless descriptor that measures the ignition quality of a fuel in a diesel engine.22 However, there is no linear property model available to predict the cetane number from the chemical structure. As a hypothesis, NOx emissions have strong relationship between cetane number and it can be represented as an empirical function of two physical properties which is viscosity and molar volume. Hence, data-driven approach has been used to correlate the viscosity and molar volume to generate a property model equation for cetane number.

As mentioned earlier, factorial design technique was performed to determine the effect and interactions between two or more factors on the respond of interest, whereby viscosity and molar volume are the factors that influenced the cetane number in this case.
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The property model of cetane number developed by using factorial design and linear regression analysis can be represented as shown in Equation 13:
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where μ is the viscosity and Vm is the molar volume.

The coefficient of determination (R2) obtained based on 115 data points is 90.91%. In addition, from Figure 11, it can be deduced that the data follow normal distribution. A response surface (Figure 9) and a contour plot (Figure 10) have been plotted based on the predicted property model of cetane number to represent the interaction between viscosity and molar volume. The interaction effect in this case is not very strong.
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Figure  9:      The response surface of cetane number.
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Figure  10:    The contour plot of cetane number.
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Figure  11:    Comparison of actual CN and calculated CN.
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Figure  12:    Normal probability plot of residuals obtained from statistical analysis software.



By referring to Figure 11, almost all observation data fall on the best fit line. On the other hand, Figure 12 shows the normal probability plot of cetane number. The plot of the data points is approximately a straight line. This target property model is utilised in the following steps on molecular design to develop additives with high cetane number.


3.3.2        Additives property estimation

As property models developed by using GC methods are available for boiling point, melting point, viscosity, molar volume and flash point, these properties are estimated by using the existing property prediction models. Below are the list of property models available in literatures and these models will cooperated in the molecular design problem section:

Viscosity (μ): Dynamic viscosity estimated at 300K, only first order group contributions are considered.23
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where n1 to nn is the number of first groups, and μ1 to μn is the first order group contributions values.

Molar Volume (Vm): Saturated liquid molar volume estimated at 298 K, in which only first order group contributions are considered.24
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Where the d value is 0.01211 m3 kmol–1, n1 to nn is the number of first groups, and Vm1 to Vmn is the first order group contributions values.

Normal melting point (Tm): Normal melting point temperature (Tm, K), only first order group contribution are considered.7
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where the value of Tm0 is 147.450 K, n1 to nn is the number of first groups, and Tm1 to Tmn is the first order group contributions values.

Normal boiling point (Tb): Normal boiling point temperature (Tb, K), only first order group contribution are considered.7
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where value Tb0 is 222.543 K, n1 to nn is the number of first groups, and Tb1 until Tbn is the first order group contributions values.


Flash point (Tf):25
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where both flash point (Tf) and boiling point (Tb) are in unit Kelvin (K).

Molecular Weight (M):
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where n1 to nn is the number of first groups, and M1 to Mn is the molecular weight for respective group contribution.

3.3.3        Molecular design

Once the property models for all the properties are determined, the property target ranges for each of the property are identified as shown in Table 1.


Table  1:      Constraints set to solve molecular design problem.



	Property
	Constraints




	Viscosity (µ)
	µ>0




	Molar volume (Vm)
	Vm>0




	Normal melting point (Tm)
	100K<Tb<260K




	Normal boiling point (Tb)
	450K<Tb<600K




	Flash point (Tf)
	Tf>350K





 

For the design of biofuel additives with maximum cetane number, 5 molecular groups have been considered as the building blocks, which are CH3, CH2, CH, C and OH. These molecular groups and their respective contributions for different properties are shown in Table 2, with various objectives stated previously which are Equations 13–19 together with their constraints to solve this additives molecular design.


Table  2:      Group contributions values.



	nn
	Group

	Viscosity, ηn

	Molar volume, Vmn

	Melting point, Tmn

	Boiling point, Tbn




	n1
	CH3

	–1.0278

	0.02614

	0.6953

	0.8491




	n2
	CH2

	0.2125

	0.01641

	0.2515

	0.7141




	n3
	CH

	1.318

	0.00711

	–0.373

	0.2925




	n4
	C

	2.8147

	–0.0038

	0.0256

	–0.0671




	n5
	OH

	1.3057

	0.00551

	2.7888

	2.567





 


Together with structural constraints, the objective's function is solved to obtain the optimal product. Multiple solutions are generated using integer cuts. The computational results shown below are the potential molecular structure of the biofuel additives with their estimated properties.


Table  3:      Potential molecular structure of biofuel additives.
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MS = Molecular structure, CN = cetane number, V = Viscoscity (cP), MV = Molar volume (cm3/mol), MP = Melting point (K), BP = Boiling point (K), FP = Flash point (K), MW = Molecular weight.

In Table 3, the estimated cetane number of potential molecular structure was arranged descending from the top. The first molecular structure has the highest cetane number and this molecule also exists in the reality namely 11-methyl-1-dodecanol. Figure 13 shows the molecular structure of 11-methyl-1-dodecanol:
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Figure  13:    Molecular structure of 11-methyl-1-dodecanol.



The list of its physical properties obtained from RSC Chemical Database and the predicted physical properties were shown in Table 4 below.


Table  4:      Comparison between physical properties from different sources.



	Physical properties
	Predicted values

	Database values




	Molecular formula
	C13H28O

	C13H28O




	Average mass
	200.13

	200.36




	Melting point (°C)
	–14

	–




	Boiling point (°C)
	257

	260.8




	Flash point (°C)
	113

	105.5




	Cetane number
	60.57

	–




	Viscosity (cP)
	9.86

	–




	Molar volume (cm3/mol)
	242.4

	241






 

Based on the comparison between the estimated data and the database obtained, it can be concluded that the estimation method gives the almost accurate figure with slight deviation in the results. Besides that, based on the overall set of solutions obtained, it can be assumed that a biodiesel additive is mainly made up from alcohol components.

4.          CONCLUSION

In this work, a novel methodology has been developed for property-based product design when the property prediction models for some for the target properties are unavailable. This methodology effectively combined experimental data and property prediction models to develop new models. The hypothesis behind the developed method is that different consumer attributes can be represented as a function of physical properties for which there are models. The factorial design technique has been used to estimate the relationships between properties and to determine the underlying interactions between more than two factors with the target property. The proposed methodology has been applied on the design of a biofuel additive. In this design, a property model based on physical properties has been developed for cetane number and applied into a molecular design problem for the additive design. The developed model can be used in molecular design problem to estimate properties or attributes which cannot be predicted by property prediction methods. In addition, the benefit of the developed methodology can be applied in different scenarios and the property model can be easily developed by using factorial design or other statistical analysis method provided the experimental data of that specific property are available.

The current work can be further extended and improved by including mixture design techniques in the design chemical products. By doing this, it will be possible to accurately track the effect of additives on the products rather than relying on predefined target properties. Another important issue to be addressed in future is the interaction between the attributes themselves. The interaction between attributes using multivariate statistical analysis must be developed in future work in the area of chemical product design.
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6.          NOMENCLATURE

η = Number of occurrences of first order groups

μ = Viscosity

GC = Group contribution

M = Molecular weight

Tb = Boiling point

Tb0 = Adjustable parameter for boiling point

Tm = Melting point

Tm0 = Adjustable parameter for melting point

Tf = Flash point

K = Constant

P = Target property

Ni = Number of occurrence of first order group of type-i

Mj = Number of occurrence of second order group of type-j

Ok = Number of occurrence of third order group of type-k

Ci = Contribution of the first order group of type-i

Dj = Contribution of the second order group of type-j

Ek = Contribution of the third order group of type-k

a, b, c, d, e, f = Correlation constants
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ABSTRACT: Cellulose hydrolysate ultrafiltration was investigated as in-situ separation of glucose while limiting the consumption of enzyme. Thus the high permeation of glucose through the membrane is one of the main criteria required in designing an efficient membrane reactor system. The performances of three commercial UF membranes (PES20, PA3 and PSF20) were compared in a stirred batch cell. Special attention was directed to the permeation of glucose and retention of enzyme of the cellulose hydrolysate. The effects of solution pHs and the presence of lignin on membrane fouling were evaluated. The results revealed that significant flux decline was obtained for PES20 and PSF20 membrane (44% decline), but slight flux decline occurred for PA3 membrane (13% decline). The permeation of glucose up to 90% was found to be higher for PA membrane. To mitigate fouling, it is appropriate to increase the negatively charge of the membrane surface through rising up the pH solution from the isoelectric point (IEP) of cellulose hydrolysate.

Keywords: Cellulose hydrolysate, ultrafiltration, glucose, fouling, membrane screening

1.          INTRODUCTION

Lignocelluloses biomass has been recognised as an alternative to fossil fuels in producing bioproducts and bioenergy by transforming the native cellulose and hemicelluloses to fermentable sugar for fermentation.1–3 Several bioconversion schemes have been proposed based on microbial fermentation which typically requires pretreatment and enzymatic hydrolysis as the prerequisite steps.4,5 The outlet streams from the pretreatment and enzymatic hydrolysis contain dilute sugars, along with excess components such as enzymes and biomass. These dilute fermentable sugars, which are the products from the enzymatic hydrolysis, may inhibit enzyme significantly, hence plaguing the rate of enzymatic degradation.6,7 To overcome these deficiencies, the removal of the sugars from the hydrolysate by membrane process can contribute towards not only in improving the hydrolysis but also in recovering the used enzymes. This can help to decrease the cost of enzymatic hydrolysis by reducing the usage of enzyme by recycling.8,9

Recent review on literature has shown increasing number of research works in the last decade with respect to the application of ultrafiltration (UF) membrane process in biomass-derived process due to its vital part in the separation and purification of the bioproducts and biofuels.10–13 The main advantages of UF process are: (1) it can be performed isothermally at low temperature with less energy consumption; (2) it offers lower cost; and (3) the ease to scale-up for commercial production.14–16 Integration of UF membrane unit with hydrolysis reactor enables continuous removal of glucose and recycling of cellulase enzyme, oligomers sugar and residual cellulose. A key limitation has been noted with the reduction of permeate flux over time in ultrafiltration. These macromolecules especially the polysaccharides and enzymes (proteins) caused the decrease in the permeate flow through the membrane, which can be attributed to the fouling of its surface where the non-permeating solutes tended to form a gel layer.17,18 The permeation characteristics of membranes not only depend on molecular weight of the solutes, but other factors such as charge and hydrophobicity will also affect the permeation of glucose. In addition, since lignocelluloses hydrolysate is a complex mixture, the presence of protein will also lead to fouling arising from specific interaction between protein and membrane. This will also contribute to the reduced glucose permeation and thereby making the separation of fermentable sugars a really challenging process.

Thus, the main objective of this paper is to study and understand the filtration behaviour of the cellulose hydrolysate solutions using three different commercially available UF membranes. The focus will be on the performance of UF membrane and the permeation of glucose that could enable continuous process of enzymatic hydrolysis for cellulose. The influence of solution pH, membrane hydrophobicity and molecular weight cut-off (MWCO) were analysed.


2.          EXPERIMENTAL

2.1        Materials: Chemicals, Membranes and Experiment Rig

High purity of microcrystalline cellulose (supplied by Sigma Aldrich) was used to prepare the feed solution. The analytical grade glucose, citric acid, tri-sodium citrate were purchased from Nacalai Japan and used as foulant model in the feed solution.

Three different types of UF membrane were used in this work: (1) Polyethersulfone (PES20), obtained from Amfor Inc, USA; (2) Polysulfone (PSF20), purchased from Koch, Germany; and (3) Polyamide (PA3), provided by GE Osmonics, Trisep GMSP, USA. The detailed properties of all membrane are tabulated in Table 1. The contact angle for each membrane was determined in the lab by using contact angle meter (Easy Drop KRÜSS, Gmbh). New membranes were soaked in pure water overnight prior to each run in order to remove the preservative liquids before use.


Table  1:      Characteristics of the UF membranes.



	Characteristics
	
Membrane





	PES20

	PA3

	PSF20




	Molecular weight cut-off (MWCO)a
	20 kDa

	3 kDa

	20 kDa




	pH tolerancea
	2–13

	2–11

	2–13




	Hydrophobicitya
	Hydrophobic

	Hydrophobic

	Hydrophobic




	Contact angle (°)b
	63

	54

	73




	Zeta potential at pH7 (mV)b
	–12

	–26

	–11




	Permeability of water at 2 bar operating pressure (L/min.m2)b
	126.24

	29.18

	87.93





a Information obtained from manufacturer; b Value obtained from experimental measurements.

A SterlitechTM HP4750 dead-end stirred cell filtration system with volume capacity of 300 ml with 14.60 cm2 of effective membrane area was used to study the filtration performance as shown in Figure 1. The stirred cell was connected to the nitrogen gas tank which provides the applied pressure to drive the process.
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Figure  1:      Schematic diagram of dead-end stirred cell ultrafiltration.



2.2        Characterisation of Model Cellulose Hydrolysate

In this study, a model of cellulose hydrolysate was formed by mixing microcrystalline cellulose powder, glucose and cellulose enzymes. The hydrolysate was analysed for molecular weight and isoelectric point (IEP). A 6% (w/w) microcrystalline cellulose, 33.3 g/l glucose and 8FPU cellulose were added in reverse osmosis water and mixed well for 30 min. Gel electrophoresis in denaturing conditions was performed in sodium dodecyl sulfate (SDS-PAGE) according to the method by Laemmli (1970) resolving gel consisted of 15% polyacrylamide in Tris-HCl (1.5M, pH 8.8), while stacking gel consisted of 4.5% polyacrylamide in Tris-HCl (1.0M, pH 6.8).19 The sample solutions were mixed at 1:2 (v/v) ratios with the sample buffer and heated at 90°C for 3 min before loading. Aliquots of 40–42 µl samples were loaded into individual wells and a constant current was passed through the gel for 2 h to obtain separation of the peptides. Protein markers 10–260 kDa was used for molecular-weight determination. The gel sheets were stained with Gelcode Blue Safe Protein stain.20 As for the determination of isoelectric point (IEP) of cellulose hydrolysate, the zeta potential at a given pH was recorded by a zeta potential titration apparatus using Malvern Zetasizer Nano ZS, UK. The IEP of the hydrolysate was determined where the zeta potential was zero at the pH value. The summarised data of cellulose hydrolysate was tabulated in Table 2.


Table  2:      Principle characteristics of the celullose hydrolysate.



	Properties
	Value




	pH at room temperature
	4.8




	MW distribution from SDS Page
	70kDa




	Isoelectric point (IEP)
	3.9






2.3        Fouling Experiments

The model cellulose hydrolysate at various pH values was used as feed solution. Each set of the experiment run was employed with a new membrane disc and compacted with ultrapure water in the dead end stirred cell without stirring effects for 30 min at 5 bar. In the case of dynamic ultrafiltration test, 300 ml feed solution was conducted under constant pressure at 2 bar for 60 min with the speed of 500 rpm of stirrer to prevent the formation of series vortex in the cell. The temperature was set at 50°C as this was the temperature of the cellulose enzymatic hydrolysis. Permeate flux, J (L/m2,h) was calculated based on the mass/volume (L) of permeate collected on the balance, membrane surface area (m2) and filtration time (h) according to Equation 1:
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2.4        Analytical Methods

Glucose content was analysed by HPLC (Agilent G1311A) equipped with refractive index (RI) detector and Rezex ROA column (300 × 7.80 mm). 0.005N H2SO4 was used as the mobile phase as a flow rate of 0.6 ml/min and the column temperature was maintained at 60°C. Enzyme concentration was measured by the Bradford protein assay using bovine serum albumin (BSA) as standard.21

3.          RESULTS AND DISCUSSIONS

3.1        Pure Water Permeability

The pure water was filtered using three commercial UF membranes at a pressure range from 1 to 6. As listed in Table 1, pure water fluxes did not predict the flux behaviour and results of filtrations of the real solution, but it is referred to the membrane weight cut off.22,23 The highest pure water flux was obtained with PES20 membrane, resulting from the high molecular weight cut-off of the membrane. Lowest pure water flux was observed for PA3 membrane.

3.2        Flux Behaviour

Flux decline behaviours of the three commercial UF membranes of cellulose hydrolysate in stirred batch cell were investigated. The measured membrane flux is presented in Figure 2. The trend of flux decline for PES and PSF membranes is similar, about 44% decreasing. An initial quick flux loss in the first 10 min was followed by a gradual flux decline. This can be explained that in the beginning, the breaking down of microcrystalline cellulose to glucose molecules occurred during hydrolysis process, thus more molecules of glucose blocked the pore of the membranes. Moreover, the particle deposition process followed by protein adsorption on the surface and inside the pores of the membrane caused the formation of cake layer, resulting in extended period of constant flux. However, for PA membrane, only slight decline (13%) was observed. The overall flux decline rates follow the order of PSF20>PES20>PA3.

The observed trend of membrane flux decline can be explained by the membrane material and properties. The properties of membrane hydrophobicity literally influenced the surface chemistry of the membrane, which may also affect the flux decline during filtration of the solution. Based on the contact angle measurement (Table 1), the hydrophobicity rates of the three commercial UF membranes follow the order of PA3>PES20>PSF20, which indicates that the hydrophobicity plays an important role in the preventing foulant adsorption. The hydrophilic membrane has lower interaction with the foulant, which resulted the membrane entirely wetted by the water phase.24 On the other hand, PA3 membrane used in this study is the most negatively charged. The hydrophobicity of a surface decreases when more charged groups are present.25 The IEP of the solution is 3.9 and the pH of the solution used in the experiment is pH 5. Higher negative zeta potential should result in less fouling by negatively charged macromolecules due to higher electrostatic repulsion.26
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Figure  2:      Normalised flux decline of PES, PA and PSF membranes.




3.3        Permeation of Glucose and Retention of Enzyme

The clarification of glucose and retention of enzyme from ultrafiltration cellulose hydrolysate by using three commercial UF membranes was studied. It could be clearly seen (Figure 3) that the permeation of glucose was above 95% for all the UF membranes which augurs well for in-situ recovery of glucose insuring enzymatic hydrolysis. For retention of enzymes, the PA membranes showed the highest retention (100%) in comparison to the PES and PSF membrane. This is expected since the PA membrane has much lower molecular weight (8 kDa) as compared to the PES and PSF membranes. It should be noted that the PES and PSF membranes both have 20 kDa MWCO values which should give an almost total rejection for a 70 kDa enzyme. However, the rejection of enzyme was observed to be about 92%–93% only for both membranes. This is similar as reported by Qi et al. and Tang et al. about the recovery of the protein from 74% to 92%.27,28 A possible explanation for this might be that the adsorptions of the enzyme on the membrane surface that exhibit some of the enzyme passes through the membrane pores. It can be concluded that the PA membrane is superior to PES and PSF membrane in terms of high permeation of glucose, high flux and high antifouling.
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Figure  3:      Permeation of glucose and rejection of enzyme.



3.4        Effect of pH Solution

During permeation, solutions are exposed to different processing conditions such as interaction with the membrane and the membrane pores’ surface. The separation was performed in four different pH solutions to compare the efficiency of glucose permeation and the fouling behaviour at different pH conditions. The IEP is thus an important parameter in determining the efficient functioning of the commercial membranes.
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Figure  4:      Normalised flux decline of different pH cellulose hydrolysate solution for (a) PES membrane, (b) PA membrane and (c) PSF membrane.




Figure 4 shows the membrane flux decline under different pH solution at pH 3, 4, 5 and 6. The range of pH values of the solutions selected generally is the tolerance rate of the cellulose enzyme in hydrolysis process. The solution with pH 3 exhibited strong blocking of PES and PSF membrane leading to a significant flux decline. The solution at pH 5 and pH 6 exhibited relatively much higher flux for all the three membranes. It appeared that in acidic pH where the protein with positive charge in the solution and the negative charge of the membrane surface lead the electrostatic interaction and hence the flux decline. These experimental trends have also been observed by other previous researchers.9,29,30

The primary reason for the membrane fouling in these cases could be explained in Figure 5. Below the IEP which is at pH 3, both the cellulose hydrolysate solution (positively charged) and PES membranes (negatively charged) have opposite charges, thus the attraction forces are dominant over repulsion forces and subsequently affect the initial flux decline rate at the initial fouling stage. At solution pH near to IEP (~pH4), the solubility of a protein built out of amino acids is minimum and has tendency to form aggregates with other molecules.18 As the pH is higher than IEP (raising the pH to 5 and 6), the protein solubility increases and leads lesser accumulation on the membrane surface due to higher electrostatic repulsion. It was confirmed by the observation under SEM (Figure 6) which showed that for PES membrane, accumulation of particles on the membrane surface at pH 3 was much higher compared to that for pH 5.
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Figure  5:      Schematic illustrations of possible configurations of cellulose hydrolysate at pH lower and higher than IEP.
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Figure  6:      SEM images of PES membranes: (a) clean (b) fouled membrane at pH 3 (c) fouled membrane at pH 5.



3.5        Contribution of Lignin Loading to Membrane Fouling

Lignin is considered as one of undesired side products in the effluents after the pre-treatment process and should be preferably retained by membrane. The lignin presence in the cellulosic hydrolysate typically have molecular weights of 1000~2000 Da.31 Figure 7 compares the results for the permeation of glucose and retention of enzymes with and without the presence of lignin. The permeation of glucose for solution in the presence of lignin showed similar permeation to that without the presence of lignin. However, the retention of enzyme for PES and PSF membrane was increasing compared to the original solution. A previous work reported that the rejection of lignin is in the range of 2.0%~99%,31 which supports the result obtained in this study. Klapiszewski et al. reported that the IEP for the lignin is at pH 1.32 The retention of enzyme showed an increase due to higher negative charge of the solution, causing higher electrostatic repulsion and lower aggregations of the enzyme.
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Figure  7:      Comparison of glucose permeation and enzyme retention with and without the presence of lignin in cellulose hydrolysate solution.



4.          CONCLUSION

The screening of three commercial UF membranes in filtering cellulose hydrolysate showed that all three membranes successfully achieved more than 90% of glucose permeation and enzyme rejection. In comparison to PES20 and PSF20, the membranes exhibited similar flux decline characteristics when removing glucose from cellulose hydrolysate. Meanwhile PA membrane showed a higher flux and better permeation of glucose. It has been shown that solution pH has significant effect on the extent of cellulose hydrolysate fouling in membrane process. At higher solution pH (pH 5 and 6), there was minimum membrane flux decline due to protein-protein and membrane-protein repulsions which minimised aggregation and fouling. At pH 5 of the cellulose hydrolysate solution, PA membrane shows the best performance of anti-fouling, high permeation of glucose and rejection of enzyme.
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ABSTRACT: Biogas is an alternative energy from biomass. The gas can be produced from anaerobic digestion by microorganism. Biomasses such as animal manure, kitchen waste, garden waste, or even human excreta are among the major sources of biogas. Usually, biogas contains 60% methane along with 40% of carbon dioxide. Besides its important role in natural gas, methane also contributes to greenhouse gases. Their presence in atmosphere will thicken earth blanket and further lead to climate change. One pound of methane traps 25 times more heat in the atmosphere compared to one pound of carbon dioxide. This research introduced a new material, Pebax 1657 to improve the current polymeric based membranes in the form of thin film composite (TFC). Polyvinylidene fluoride (PVDF) was used as a porous support layer for this TFC and this combination surpassed the Robeson 2008 trade off limit with CO2 pressure normalise flux and selectivity of 1075 Barrer and 52.50 respectively. Besides transforming the waste into wealth, the emission of this greenhouse gases can be reduced so that a green environment and clean air can be continually enjoyed by future generations.

Keywords: PEBAX, PVDF, composite membrane, coating method, CO2/CH4 separation


1.          INTRODUCTION

Energy sources are divided into two sub categories, namely primary and secondary energy sources. The sources of energy are classified based on the derivation of usable energy. In general, the primary energy sources can be used directly as they are found in natural environment. Coal, oil, natural gas, water, wind and oil are among the primary sources.1 Secondary sources are derived from the transformation of primary energy sources, such as petrol, which is derived from treatment of crude oil and electric energy, and obtained from the conversion of mechanical energy such as hydroelectric plants. Biogas is a renewable energy derived from the primary sources, biomass. Several processes to transform biomass into secondary energy sources include combustion, thermochemical transformation, physical-chemical transformation and biochemical transformation.2 Anaerobic fermentation of biomass into biogas which is rich in methane, CH4 are widely used in European countries where every farmer has their own anaerobic digester to yield CH4 from their farm waste such as animal manure and agriculture waste. Usually, biogas contains 60% of CH4 and 40% of carbon dioxide, CO2 with several amounts of impurities. The specific properties of biogas are tabulated in Table 1.


Table  1:      General features of biogas.



	Composition
	55%–70% CH4 30%–45% CO2
Traces of other gases




	Energy content
	6.0–6.5 kWh m–3




	Fuel equivalent
	0.60–0.65 l oil m–3 biogas




	Explosion limits
	6%–12% biogas in air




	Ignition temperature
	650–750°C




	Critical pressure
	75–89 bar




	Critical temperature
	–82.5°C




	Normal density
	1.2 kg m–3




	Smell
	Bad eggs




	Molar mass
	16.043 kg kmol–1





 

Where energy sources are concerned, the dependency of methane from natural gas can be reduced by purification of bio-methane from biogas. High amount of CH4 from the biogas composition can be both profitable and environmentally beneficial. The purification of this so-called "waste to wealth" gas can reduce the emission of CO2 and CH4 gases to atmosphere, as landfill is among the sources of biogas or often called landfill gas (LFG). One pound of CH4 can hold 25 times more heat in atmosphere compared to CO2 and they create a perfect heat blanket to our mother earth, thus causing climate change. Among 296 landfill sites in Malaysia, only 165 sites are properly managed as indicated in Table 2. The cost of waste management including collection and transportation to dispose in a landfill site varies between RM90 and RM150 per ton and Malaysia generates approximately around 17,000 to 18,000 tons of waste daily, which is about RM2 million in costs per day.


Table  2:      Numbers of landfill site in Malaysia for each state.



	State
	Operational landfill

	Non-operation landfill site

	Total




	Johor
	14

	23

	37




	Kedah
	8

	7

	15




	Kelantan
	13

	6

	19




	Melaka
	2

	5

	7




	Negeri Sembilan
	7

	11

	18




	Pahang
	16

	16

	32




	Perak
	17

	12

	29




	Perlis
	1

	1

	2




	Pulau Pinang
	2

	1

	3




	Sabah
	19

	2

	21




	Sarawak
	49

	14

	63




	Selangor
	8

	14

	22




	Terengganu
	8

	12

	20




	W. P. Kuala Lumpur
	0

	7

	7




	W. P. Labuan
	1

	0

	1




	Total
	165

	131

	296





 

Proper management of landfill by securing the LFG and further purification could be a turning point as the price of purified methane is competitively high compared to natural gas. Delkash et al. stated that landfill methane emission is not consistent because of dependency on several factors such as waste disposal rates, type of sources, meteorological and atmospheric condition.3 In addition, microbial activities are strongly influenced by soil temperature and moisture for digestion process and gas transport in soil.3 The answer to this problems is through organic-inorganic waste sorting and treating the organic waste in a build digester system, so that all parameters can be manipulated to yield the highest amount of methane. Ordinary digester can yield approximately 20 m3 of biogas and some can yield up to 800 m3 per ton of waste. This depends on the anaerobic digester design and waste quality.4


Purification of methane from LFG or biogas will benefit the environment, and can optimally cover the waste management cost. Several techniques can be used for bio-methane purification such as cryogenic distillation, pressure swing adsorption (PSA), and membrane separation. In this research, polymeric membrane separation has been chosen as a feasible method based on several criteria: small footprint, low capital and operating costs, environmentally friendly, and exhibiting good process flexibility.5 The flexibility of polymeric membranes comes with a price since their highly permeable structure suffers loss in gas selectivity.

The objective of this work is to prepare and study the effectiveness of PVDF/Pebax 1657 TFC over PVDF film for biomethane purification by testing the produced membrane via single gas (CO2 and CH4) permeation method to find the ideal selectivity. Pebax 1657 is introduced in this research as a selective layer due to its excellent CO2 adsorbent.6,7 The unique structure of the elastomer combines both mechanical stability of the polyamide and the soft segment of polyether which act as a separation channel. This combination is believed to be able to improve the permeability-selectivity of PVDF membranes.

2.          EXPERIMENTAL

2.1        Materials

Pallet of analytical grade PVDF with 177°C melting temperature was purchased from Sigma Aldrich. Pebax 1657 with 60% polyether and 40% polyamide contents, which is suitable for coating layer, was purchased from Arkema France. Two solvents are used in this study, which are ethanol and N-methyl-2-pyrrolidone (NMP), supplied by Fisher Scientific. Purified CO2 and CH4 gases were used for gas permeation and separation performance. PVDF and Pebax 1657 were dried at 60°C for at least 24 h before the dope preparation.

2.2        Membranes Fabrication

2.2.1        PVDF substrate

The dope solution was prepared by diluting 15 wt% PVDF pellet in NMP and stirred uniformly at 80°C for about 7 h until all the pallets dissolved. The choice of diluting temperature must be below the NMP boiling point to avoid the vaporisation of the solvent. The PVDF dope solution was then degassed by leaving it at room temperature for 24 h to achieve a bubble-free solution. The solution was cast on a glass plate at room temperature with a casting machine having thickness of 0.03 mm before submerged in a water bath for 2 h and subsequently dried at room temperature for 24 h.8

2.2.2        Thin film composite membrane

3 wt% of Pebax 1657 was dissolved in a combination of 70/30 ethanol/water at 80°C for 3 h until a homogenous clear and diluted solution was obtained. This Pebax 1657 coating solution was left at room temperature for 24 h before it was coated on the PVDF substrate by using dip-coating technique. Pebax 1657 was coated on the PVDF substrate for 1, 2, 3 and 4 times where every coating of the TFC was dried at 60°C for 15 min to let the solvent vaporise. For extra vaporisation of the solvent, the TFC was further dried at 60°C for 12 h. To further study the effectiveness of the Pebax 1657, the coating solution was manipulated from 1% to 5% which later dip coated with PVDF film according to the best layer found earlier.

2.3        Permeability Test

The permeability test was conducted according to Ahmad et al. where each gas of CO2 and CH4 was tested individually by allowing them to flow at 2 bar toward the membrane cell and the flowrate of permeate was measured by the bubble flow meter as shown in Figure 1.9 Equation 1 was used to calculated the gas permeance and it was expressed in Barrer [1 Barrer = 1× 10–10 cm3 (STP) cm/(cm2scmHg)]. By taking the conversion factor in account, Equation 2 can be directly used to find the gas permeance in Barrer.

[image: art]

where P is the permeability, l the thickness of the membrane in cm, A the effective membrane area in cm2, V the volume in cm3 displaced in time t(s), and p the transmembrane pressure expressed in cm cmHg. The membrane selectivity is the membrane ability to separate two gases (A and B). It is the ratio of permeability A and B (Equation 3).
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Figure  1:      Gas permeability experimental set up.



2.4        Membrane Characterisation

To detect the presence of chemical added to the TFC, Fourier transform infrared spectroscopy (FTIR) was used. The TFC was allowed to absorb different kinds of wavelength produced from a beam in which the output data comes out in the form of wavenumbers, cm–1. To study the morphological structure of the TFC, the sample was first frozen and fractured in liquid nitrogen to get the smooth cutting without any part of the membrane blocking the cutting surface for scanning electron microscope (SEM) analysis. The sample was then flushed with nickel coating to avoid any charge building up from the electron beam, which is often called the space charge effect during surface imaging.10

3.          RESULTS AND DISCUSSION

3.1        Membranes Morphology

The cross sectional SEM image of PVDF film can be seen in Figure 2 and PVDF/Pebax 1657 TFC in Figure 3. The film exhibits an asymmetric structure with combination of spongy porous layer and microvoid formation. The formation of top finger-like voids is believed due to instantaneous phase inversion during solvent-non solvent liquid-liquid demixing in water bath. The rapid movement of NMP coming out from the film left a large void and was followed by spongy porous at the bottom. This kind of structure will boost gas permeability for gas transportation through the film; however, it results in loss in selectivity. The TFC was successfully made by varying the number of coating times to form different thickness of Pebax 1657 selective layer (see Figure 4).
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Figure  2:      SEM image of PVDF film.
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Figure  3:      SEM image of PVDF/Pebax 1657 TFC, (a) 1-layer Pebax 1657, (b) 2-layer Pebax 1657, (c) 3-layer Pebax 1657, and (d) 4-layer Pebax 1657.




From the SEM analysis, the thickness of sample a, b, c and d was found to be 4 µm, 15.3 µm, 33.3 µm, and 46.7 µm respectively. The TFC also has smaller voids compared to the PVDF film possibly due to polymer compaction effect during coating procedure as the top layer gave a slight pressure throughout the process. The pore diameters also show a noticeable change with the PVDF film pores ranging from 0.9 µm to 2.2 µm while the TFC exhibits a very narrow pores structure which is below than 1 µm. This observation is attributed to the crystallisation of PVDF during the oven drying of TFC as researchers agree that solvent evaporation and temperature are among the factors that cause modification of polymeric chains.11

3.2        Chemical Characterisation

All samples exhibit the same functional group through presence of a chain of several bonds which lead to PVDF whereas samples B, C and D show another extra peak of Pebax coating layer on top of PVDF. Figure 4 shows the chemical structure of both PVDF and Pebax 1657 which was later used as a reference to the bonding structure represented by the wavenumbers in Figure 5. CH2 deformation of PVDF molecules for all samples was detected as a strong bending vibration in range of 1350–1470 cm–1, while the fluoride which formed the alkyl halide, C-F of the compound was spotted around 1000–1400 cm–1 with a strong stretching vibration.11–13 Pebax 1657 was detected through several molecule bonding starting with ether stretching (C-O) and nylon-6 with the stretching of N-H at 1000–1300 cm–1 and 3300 cm–1 respectively.14 The amide segment of the elastomer was transmitted with the stretching of C=O at 1640 cm–1.15,16 Other peaks in the spectrum of the composite membrane at 2869–2939 cm–1 can be attributed to the asymmetric and symmetric stretching of the C-H bond.17

3.3        Effect of Pebax 1657 Coating Thickness on TFC

As the objective of the study is to find the best thickness for PVDF/Pebax 1657 TFC for bio-methane purification, the effectiveness of the selective layer has been tested using single gas permeation. The results from the experiment are tabulated in Table 3. The CO2 permeability and CO2/CH4 selectivity has been plotted as a function of Pebax thickness in Figure 6. As a reference, uncoated PVDF film was tested first so that the difference in CO2 permeability and gas selectivity can be targeted as the effect of the coating layer made. The original uncoated PVDF film has an almost equal CO2-CH4 permeability values which are 22634 and 20370 respectively with CO2/CH4 selectivity of 1.11. The low gas selectivity may be due to the large void that later created a large free volume in polymeric chain, therefore influencing the rate of gas transportation through the membranes. Increase in the number of selective layer thickness from 1 layer to 2 slightly improved the gas selectivity from 1.17 to 1.90 but the TFC lost its capacity to selectively transport the two gases. The optimum layer of the TFC was found to be 3 with 33.3 µm Pebax 1657 thickness and no gas flow was detected when it comes to the last sample with 4 layers of Pebax 1657.
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Figure  4:      Chemical structure of (a) PVDF and (b) Pebax 1657.






[image: art]

Figure  5:      FTIR spectra of A (PVDF), B, C and D representing TFC with Pebax 1657 1, 2 and 3 layers respectively.



The trend of gas permeability for both gases is the same. With the increase in the coating layer, the gas permeability decreases as a result of slow rate of gas diffusing through the membranes. This gas transportation behaviour is believed due to the decrease in membrane free volume within the polymeric chain as the crystallinity of the soft segment of polyamide might increase with the thickness. The crystalline segment of polymer is also impermeable towards penetrants.18 Several studies found out that free volume in polymeric matrix can be caused by few factors: (1) degree of molecular in plane orientation; (2) microvoids; (3) pressure; and (4) decrease in chain order.19


Table  3:      Permeability (Barrer) and selectivity of the PVDF film and TFC with different thickness of Pebax 1657.



	Samples
	Pebax thickness
(µm)

	PCO2
(Barrer)

	PCH4
(Barrer)

	αCO2/CH4




	PVDF
	–

	22634

	20370

	1.11




	1 layer Pebax TFC
	4

	15391

	13117

	1.17




	2 layer Pebax TFC
	15.3

	7690

	4058

	1.90




	3 layer Pebax TFC
	33.3

	1806

	62

	29.16




	4 layer Pebax TFC
	46.7

	No flow

	No flow

	–
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Figure  6:      Single gas permeability and gas selectivity as a function of number of Pebax 1657 thickness on PVDF/Pebax TFC.



3.4        Effect of Pebax 1657 Concentration

The optimum TFC was found with the Pebax 1657 on 3 layers, at thickness of 33.3 µm. To further study the role of Pebax 1657 on PVDF/Pebax 1657 TFC membranes, the coating solution was manipulated from 1% to 5% which was later dip-coated with PVDF film three times. The results from the experiment are tabulated in Table 4. The CO2 permeability increased with the increase in Pebax 1657 concentration which was mainly caused by the reduction of pore blockage. Due to presence of large voids and free volume in PVDF substrate, the lower Pebax 1657 concentration made the solution very dilute and penetrated deep into membranes matrix. The viscosity of Pebax solution plays a big role in avoiding defect in the PVDF/Pebax 1657 TFC. The performance of this TFC is illustrated in Figure 7 where it falls beyond the Robeson upper bound. From the curve, the effectiveness of the dense Pebax 1657 layer increases with increasing Pebax concentration.17


Table  4:      CO2 permeability and CO2/CH4 selectivity based on different concentration of Pebax 1657 coating solution.



	Pebax concentration, %

	PCO2

	αCO2/CH4




	1

	429

	1.94




	2

	2686

	23.13




	3

	1806

	29.16




	4

	1433

	33.33




	5

	1075

	52.50
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Figure  7:      Robeson upper bound 2008 of CO2/CH4 selectivity against CO2 permeability.



4.          CONCLUSION

Thin film composites, TFC membranes of PVDF and Pebax 1657, have been successfully developed using dry/wet phase inversion techniques for the PVDF substrate, and dip coating technique for the TFC. The SEM characterisations  reveal that different selective layer thicknesses of Pebax 1657 were formed based on different number of coatings made on the PVDF film. By having the selective layer, the CO2 permeability and gas selectivity of the original uncoated PVDF film have also been improved. The FTIR analysis confirmed that only PVDF and Pebax structures were present on the TFC. The optimum number of layer was found to be 3 with thickness of 33.3 µm which gave CO2 permeability and gas selectivity of 1806 and 29.16 respectively. With the increase in Pebax 1657 concentration, the fabricated TFC surpassed the Robeson upper boundary to overcome the polymeric membranes trade-off limits with CO2 permeability of 1075 and CO2/CH4 selectivity of 52.50. To have a good TFC, the selective layer must not be too thin and the coating solution must also not be too diluted as they would cause defects in the TFC.
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ABSTRACT: The realisation on the environmental impact, depletion of fossil fuel and the importance of sustainable technology are among the driving forces for replacing petrochemical approaches with biological methods. Bio-succinic acid production in this regards was listed as one of the potential chemical building blocks to be commercially produced via biological approach by the United States Department of Energy in 2004. Bio-succinic acid production has a net zero carbon footprints and 30%–40% less energy consumption. Moreover, the economic potential has surpassed the conventional petrochemical approach. This had led to the commercialisation of bio-succinic acid around the world in the past three years. This mini review serves to investigate the potential of oil palm fronds for the production of bio-succinic acid. Different reported renewable carbon sources for the production of bio-succinic acid were compared with oil palm fronds in terms of cost and availability. There is approximately 250 million metric tonnes of oil palm fronds with 68.3% structural carbohydrate. It has an approximate potential capacity of producing as much as 30.8 million metric tonnes of bio-succinic acid per annum worldwide. Oil palm fronds turned out to be the cheapest biomass (lower than USD 20/tonne) as compared to the other 12 biomasses reported for the production of bio-succinic acid.

Keywords: Bio-succinic acid, oil palm fronds, sustainable, carbon footprints, acid production


1.          INTRODUCTION

The increasing price of oil and gas, the rising concern of sustainability, and environmental issues have led to research on environmental benign routes. The adverse consequences of petrochemical industries are becoming visible.1 Petrochemical approach was more competitive due to the continuous optimisation and researches on the process for more than half of a century as compared to biological approach. However, this trend will soon be altered due to depleting fossil fuels and the optimisation of biological processes. Biochemical approach converting renewable resources into valuable chemical products is a growing multibillion dollar industry.2,3

Bio-succinic acid has a molecular formula of C4H6O4, which is known as butanedioic or amber acid. It is conventionally produced by catalytic hydrogenation of maleic anhydride or malic acid which originated from petroleum.4 Sustainable and cheaper bio-production allow bio-succinic acid to be competitive and become a rising alternative over conventional petrochemical approach.

Apart from sustainability, bio-succinic acid excels in environmental aspect too. The current bio-succinic acid production lowers the release of greenhouse gas (GHG) emissions by 50% as compared to the production of equivalent petrochemical products. Further development of this approach could potentially realise 80% of GHG emissions reduction.6 In fact, a life cycle analysis by BioAmber showed that bio-succinic acid production had a net zero carbon footprint.7 Moreover, a decrease of 60% total energy consumption was reported as compared to conventional petrochemical approach in their study.7 Bio-production of bio-succinic acid is aligned with the mission of the United Nation Framework Convention on Climate Change (UNFCCC) to minimise the carbon footprint by using green technology in chemical production.8

2.          BIO-SUCCINIC ACID CURRENT TREND

2.1        Market of Bio-Succinic Acid

Currently, petrol-based is the commonly used bio-succinic acid globally. The market for the same is estimated to decline by 2019. Due to the negative impact of the conventional succinic acid, emphasis is laid on production and consumption of bio-based succinic acid. Bio-based succinic acid is primarily preferred for pharmaceuticals and cosmetic applications as it is considerably less toxic, which has great advantages for the industry of personal care, home care and cosmetics.9 This four-carbon dicarboxylic acid, succinic acid, has been identified as one of the 12 chemical building blocks that can potentially be produced commercially through biological conversion, according to the US Department of Energy in 2004.5

Susanne Kleff, Senior Scientist for Michigan Biotechnology Institute, outlined three largest potential markets for bio-succinic acid. The primary potential opportunity is a replacement for petrochemical maleic anhydride, which currently serves 1.65 million tons of capacity annually. This is followed by global demand for polymers, currently derived from butane occupying a market capacity of more than GB 1.6 million per annum. The other potential capacity for bio-succinic acid is for pyrolidinones which are used in the production of eco-friendly chemicals and green solvents for water treatment, which currently serves a global market capacity of about GB 100 million annually.25

The applications of bio-succinic acid market vary from 1,4-butanediol (BDO), plasticiser, polybutylene succinate (PBS), food and beverages, pharmaceutical, solvents and lubricants, polyols, and other industrial applications. BDO is largest application that drove the global bio-succinic acid market with about 17% in year 2013. BDO is forecasted to increase with compounded annual growth rate (CAGR) of 35% in 2014–2020 by OMR Industry Analyst and Grand View Research.

BDO dominated the global market accounting for over 35% of the overall demand in 2013. Growing consumption of BDO in engineering plastics, cleaning products, pharmaceuticals, coatings, adhesives and sealants is expected to fuel market growth. Replacement of maleic anhydride (MAN) by bio-succinic acid is expected to drive its demand tremendously in BDO over the forecast period.

BDO is used industrially as a solvent and in the manufacture of some types of plastics, elastic fibres and polyurethanes. BDO is used for the synthesis of γ-butyrolactone (GBL). In the presence of phosphoric acid and high temperature, it dehydrates into the important solvent tetrahydrofuran.10 At about 200°C in the presence of soluble ruthenium catalysts, the diol undergoes dehydrogenation to form butyrolactone.10 It is also manufactured on an industrial scale from maleic anhydride in the Davy process, in which it is first converted to the methyl maleate ester, then hydrogenated. However, this market will be taken over by bio-succinic acid route which is more economic and environmental friendly.

Polyurethane is a polymer composed of a chain of organic units joined by carbamate (urethane) links. While most polyurethanes are thermosetting polymers that do not melt when heated, thermoplastic polyurethanes are also available. Polyurethane polymers are traditionally and most commonly formed by reacting a di- or polyisocyanate with a polyol. Both the isocyanates and polyols used to make polyurethanes contain on average two or more functional groups per molecule.

Some noteworthy recent efforts have been dedicated to minimising the use of isocyanates to synthesise polyurethanes, because the isocyanates raise severe toxicity issues. Non-isocyanate based polyurethanes (NIPUs) have recently been developed as a new class of polyurethane. Transparency market believes that the growing demand for plasticisers and polyurethanes will further boost the overall market. The upward trend in the demand for resins, coatings, dyes, and ink will help the global bio-succinic acid market grow, as bio-succinic acid is a major component in the manufacture of these products.11

Polyester polyols accounted for significant revenue share on account of growing polyurethanes demand. In addition, its growing use in molded foams, soles in footwear, automotive interiors, and as adhesives and sealants is likely to increase polyester polyols market share. PBS is expected to grow with fastest CAGR of 38.9% from 2014 to 2020 owing to excellent growth potential in packaging coupled with increasing demand for bio-plastics.12 Figure 1 shows the global bio-succinic acid market by application in year 2013.
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Figure  1:      Global bio-succinic acid market by application in year 2013 (Source: OBRC Analysis13).



2.2        Supply of Bio-Succinic Acid

Over the past few years, several key players in bio-succinic acid production have started commercialising bio-based succinic acid production plants. Commercialised bio-based succinic acid production by several companies is summarised in Table 1. BASF, Purac, BioAmber, Mitsui and PTT MCC Biochem are among the early players of bio-succinic acid production, as shown in Table 1. Reverdia (joint venture between DSM and Rouquette) also joined this revolution by using yeast technology for bio-succinic acid production.15 In addition, US-based Myriant was supported by the US Department of Energy in setting up a commercial-scale facility in Louisiana.10 The development of this exciting technology can be a platform to develop other potential bio-based chemical building blocks. Global bio-succinic acid producers with different capacities were shown in Table 1.


Table  1:      Bio-succinic acid production capacity.



	Company
	Annual capacity (tonnes)

	Plant location

	Operational date




	BASF-Purac JV
	50,000

	NA

	NA




	BASF-Purac JV
	25,000

	Barcelona, Spain

	2013




	BioAmber-ARD
	3,000

	Pomacle, France

	Full capacity by Q2 2012




	BioAmber Mitsui JV
	65,000

	US or Brazil

	NA




	BioAmber Misui JV
	17,000 (initial), 34,000 (at full capacity)

	Sarnia, Ontario, Canada

	2013




	BioAmber Mitsui JV
	65,000

	Thailand

	2014




	Myriant
	13,600

	Lake Providence, Louisiana

	Q1 2013




	Myriant-China National BlueStar
	110,000

	Nanjing, China

	NA




	Myriant
	77,110

	Lake Providence, Loisiana

	Q1 2014




	Myriant-Uhde (owner and operator)
	500

	Infraleuna sit, Germany

	H1 2012




	Reverdia (DSM-Rouquette)
	10,000

	Cassano Spinola, Italy

	H2 2012




	Total
	1,008,000

	
	




NA = Not available; Q1= first quarter of the year; H1= first half of the year; H2= second half of the year.
Sources: OBRC Analysis,13 ICIS Chemical Business14

2.3        Market Demand of Bio-Succinic Acid

Several comprehensive studies had been carried out by renowned forecasting companies to predict the future prospect of bio-succinic acid market. The estimation of global market of succinic acid was proposed based on the studies carried out by these market forecasting companies. Each company had a different forecast on succinic acid market. In this study, the average market estimation that considers all nine market forecasting companies was acquired which would better reflect the reliable figures on the current and future market, as well as the CAGR of succinic acid. The market forecasting companies include Global Industry Analyst, Transparency Market, Allied Market Research, Grand View Research, Market and Market Research, Research and Market, Occams Business Research & Consulting and OMR Industry Report as shown in Table 2.


Table  2:      Global market forecast for bio-succinic acid from nine companies.



	Current demand

	CAGR

	Forecast market

	Reference




	–

	–

	USD 3.5 billion by 2020 (654kton)

	16




	USD 240 million in 2011

	19.4%
(2012–2018)

	USD 836 million by 2018

	11




	USD 137 million in 2013

	22.6%
(2014–2019)

	USD 486.7million by 2019

	18




	USD 115.2 million in 2013

	45.6%
(2013–2020)

	USD 1.1 billion by 2020 (710kton)

	19




	USD 170.6 million in 2014

	23.32%
(2014–2022)

	USD 912.91 million by 2022

	9




	USD 137 million in 2013 (47.5kton)

	–

	–

	Grand View Research 2014




	USD 400 million in 2014

	20%

	1000 by 2020

	20




	–

	24%
(2014–2020)

	–

	21




	–

	–

	1280 by 2020 (711kton)

	13




	–

	22%
(2015–2020)

	–

	22





 

The average CAGR from all these nine market forecasting companies over the period from 2012–2022 was 25%. The base year was set at 2014 by using the 25% CAGR while the forecasting was set until year 2020. These figures were adjusted in Table 3 for a more accurate estimation of future bio-succinic acid market.

Table 3 shows the average CAGR for bio-succinic acid market that was used to forecast the market demand on 2020. The forecasted market demand of 1344 was used to back calculate the CAGR from 2014–2020 using the following formula:
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Both calculated and predicted values from nine market forecasting companies were averaged that resulted in a final CAGR of 27.8% from 2014 to 2020 while USD 1177 million/year market demand was forecasted in the year 2020.


Table  3:      Adjusted figures for succinic acid market trend.



	2014 capacity USD/annum

	CAGR (%)

	Forecast 2020 market capacity USD/annum

	Reference




	–

	–

	3500

	16




	469

	19.4

	1429

	11




	171

	22.6

	622

	18




	144

	45.6

	1100

	19




	171

	23.32

	477

	9




	400

	20

	1000

	20




	–

	24

	–

	21




	–

	–

	1280

	13




	–

	22

	–

	22




	271

	25

	1344

	Average




	271

	27.8

	1164

	Adjusted average (to tally between CAGR and 2020 forecasted market)
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Figure  2:      Market forecast from year 2015–2020.



The value of 27.8% CAGR was used for the construction of market forecasting in year 2015–2020 as shown in Figure 2. Therefore, the final estimated market volume for bio-succinic acid in the year 2022 was USD 1.9 billion/annum. Cenan Ozmeral, Myriant's General Manager for speciality chemicals, forecast that the total penetration of the bio-based succinic acid market would hit USD 10 billion/annum.23 Therefore, 1.9 billion market demand for bio-succinic acid was only 19% from the total potential of this industry.


2.4        Regional Market of Bio-Succinic Acid

Europe occupied the largest market of bio-succinic acid in year 2013, owing to the fast-growing personal care and pharmaceutical industries. The key consumer that drove this market is Germany. However, Asia Pacific (APAC) region has been identified as the most potential market for highest CAGR from 2015–2020 (all of the forecasts). This was due to the fast industrialisation of APAC countries particularly China and India that led to the increasing demand for bio-succinic acid. APAC was forecasted to turn the table and become the largest market demand for bio-succinic acid, surpassing Europe region. Allied Market Research has forecasted the rapid growth of bio-succinic acid market as high as 49.5% CAGR in APAC region while Global Industry Analyst forecasted 34.3%.16,19 The average forecasted values from these companies gave 41.9% CAGR. OBRC analysis showed that APAC market capacity of bio-succinic acid in year 2013 was 24%.13 This is equivalent to approximately USD 271 million × 24% = USD 65 million. Succinic acid market by region in year 2014 is shown in the Figure 3 below.
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Figure  3:      Succinic acid market by region 2014 (Source: OBRC Analysis).13



Therefore, by using the average CAGR for APAC region as 41.9% and the base year in 2014 as USD 65 million, the forecasted APAC market demand for bio-succinic acid in year 2022 was USD 1,070 million. The price of bio-succinic acid was approximately USD 2,500 per ton. This resulted in a market demand for bio-succinic acid of approximately 427 kilo tonnes in APAC region in 2022.


According to ICIS company report, the current market supply of bio-succinic acid in APAC was reported in Nanjing, China by a joint venture between Myriant and China Blue Star, which has one of the largest production capacities in the world with 110 kilo tonnes per annum. Another production plant was reported in Rayong, Thailand with an annual production capacity of 65 kilo tonnes, which was owned by BioAmber-Mitsui joint venture.14 This has led to a total production capacity of 212 kilo tonnes of succinic acid in year 2022 in APAC region. APAC, being the fastest growing demand for succinic acid due to rapid industrialisation in the region, had a market vacancy of approximately 427 kilo tonnes – 212 kilo tonnes = 215 kilo tonnes of succinic acid in year 2022. Figure 4 shows the final market demand for succinic acid estimation for 2014–2022.
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Figure  4:      APAC market demand for succinic acid 2014–2022.



2.5        Price of Succinic Acid, by Product and Raw Material

Price of petroleum-based succinic acid in year 2011 is around USD 2,400 to USD 2,600 per metric tonnes while the bio-based succinic acid is approximately USD 2,860 to USD 3,000 per metric tonnes. The total market volume is about USD 63.2 million for year 2011. However, starting from year 2013 onwards, the bio-based succinic acid price is expected to go down to USD 2860 per metric tonnes.24

From the aspect of application, the production of 1,4 butanediol is predicted to occupy the largest consumption of the bio-succinic acid with more than 50% of the total market share. 1,4 butanediol is widely used as a solvent in industrial application and also for the manufacturing of plastics, elastic fibres, electronic chemicals and polyurethanes. The second largest application of production of PBS which is a thermoplastic polymer derived from succinic acid. It can be processed to be used as packaging material in the form of bags or boxes. Figure 5 shows the global succinic acid by application in year 2020.
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Figure  5:      Forecasted global bio-succinic acid market by application in year 2020.13



Figure 5 shows that in 2020, the demand of bio-based succinic acid in APAC region is estimated at 427 kilo tonnes while the market can only supply 212 kilo tonnes of bio-succinic acid. This led to a market vacancy of about 215 kilo tonnes in the region. Therefore, the market vacancy for BDO is approximately 215 kilo tonnes × 0.53 = 114 kilo tonnes in APAC region in 2020.

3.          PROSPECTS OF OIL PALM FRONDS

The major usage of palm oil is as cooking oil, but it is also used in detergent, biofuel, food products, cosmetics and more. More than 50% of all packaged products in the US contain palm oil including ice cream, soap, lipstick, detergent and others.26 Palm oil is a remarkably highly efficient vegetable oil. Comparatively, palm oil requires a much lower production cost but produces a much higher yield. Besides, among the 10 major oilseeds in the world, palm oil accounts for 5.5% of the land use for cultivation worldwide, but produces 32% of the world's oils and fats.

Global demand for palm oil is 51.2 million tonnes in 2012.15 Oil palm plantations are spreading across Africa, Asia and Latin America. Southeast Asia region has been reported to be the largest producer in the world. Indonesia and Malaysia are responsible for 85% of the world's supply of palm oil.27 Hand in hand with the development of this industry is the mass production of oil palm wastes which is much less noteworthy in terms of economic value as compared to palm oil. Mesocarp fibres and shells are used as fuel in the mill boilers to generate steam for producing electricity which leads to the savings in fuel costs.28 However, most of the biomass produced is still categorised as waste.

Oil palm frond (OPF) in this regard turns out to be the largest residue from palm oil industry (70%)29 which amounts to approximately 83 million metric tonnes per annum in Malaysia.30 The world production of OPF is approximated to be 250 million tonnes (wet weight). This is estimated from the ratio of the cultivation land in Malaysia (4.49 million hectares)31 to the world cultivation land of oil palm (13.46 million hectares).32 OPF is available daily during pruning for harvesting fresh fruit bunch. Pruned frond is left at the oil palm estate for nutrient recycling and soil conservation.33,34 However, OPF consists of a large amount of carbohydrates.30 The carbohydrate is in structural form in the bagasse part while readily fermentable sugars are available in the juice of the fronds. In order to optimise OPF usage, the petiole part of the frond should be acquired from the lower half nearer to the trunk while the leaflet should be left in the estate for nutrient recycling and erosion prevention.

Biomass Technology Centre (BTC) was set up by Malaysia Palm Oil Board (MPOB) in 2001 to research ways in producing high value added products from oil palm biomass and promote the image of oil palm industry as an environmental friendly industry through zero waste approach.35 Bio-production of succinic acid using oil palm biomass in this regard, is in line with the mission of BTC. Moreover, Malaysia's Prime Minister has made a pledge at the 15th Conference of Parties of the United Nations Framework Convention on Climate Change in Copenhagen to reduce the GHG emissions intensity per Gross Domestic Product (GDP) by 40% by 2020,35 which is another driving incentive for using oil palm biomass as bio-succinic acid production feedstock.

4.          CARBOHYDRATE CONTENT AND THE PRE-TREATMENT OF OPF

There were three reports on the characterisation of oil palm frond, carried out by Zahari et al. using TAPPI method,30 Ofori-Boateng and Lee via National Renewable Energy Laboratories (NREL) procedures,36 and Lai and Ani that used ADF, NDF and ADL.37 The average from these three reports showed high total carbohydrate percentage which is 68.3% in oil palm frond. This is perfect as a feedstock for bio-succinic acid production. The composition of OPF was tabulated in Table 4.


Table  4:      Composition of OPF.



	Reference
	30

	36

	37

	Average




	Glucan vs Cellulose (C6)
	41.7

	41.9

	35.3

	39.6




	Xylan+Arabinan vs hemicellulose (C5)
	16.4

	33.6

	36.1

	28.7




	Total structural carbohydrate %
	58.1

	75.5

	71.4

	68.3




	Lignin
	15.5

	20.65

	29

	21.7





 

The structural carbohydrate content in OPF however, requires pre-treatment to recover the sugars from lignocellulosic biomass before it can be used in fermentation. The recalcitrance (resistance of plant cell walls to destruction) is due to the highly crystalline structure of cellulose which is embedded in a matrix of polymers-lignin and hemicellulose.38 The prime objective of pre-treatment is to overcome the recalcitrance, to separate the cellulose from the matrix polymers, and to make it more accessible for enzymatic hydrolysis. Pre-treatment methodologies can basically be divided into four categories which are chemical, physical, physiochemical and biological pre-treatment.38

Physical pre-treatment includes extrusion, milling, freezing and microwave, resulting in reduction in the degree of polymerisation and crystallisation of biomass. This category of pre-treatment is normally targeted to increase the surface area and reduce the particle size of lignocellulosic materials.38 Apart from physical pretreatment, there are chemical pre-treatment that includes ionic liquid, organosolv, alkaline, acid and ozonolysis pre-treatment; physiochemical pre-treatment that includes ammonia fibre explosion (AFEX), steam explosion, liquid hot water (LHW), carbon dioxide explosion and wet oxidation (WO); and biological pretreatment (enzymatic pre-treatment), which are among the established approaches in harvesting fermentable sugars from complex carbohydrate (cellulose, hemicellulose and lignin) in lignocellulosic biomass.38

Recovering fermentable sugars from lignocellulosic oil palm biomass is one of the research focuses in Malaysia. Several institutes in Malaysia had come out with different pre-treatment methods for OPF to extract the sugars from complex carbohydrate into a more readily fermentable form. Table 5 shows several pretreatment methods for OPF. These studies serve to increase the recovery of fermentable sugars in OPF that would be helpful for bio-succinic acid fermentation.

Several technologies tried on the pre-treatment of OPF include hot compressed water (HCW), autohydrolysis, ionic liquid, ethanolic hot compressed water (EHCW) and SOP/H2O2 as shown in Table 3. Among these pre-treatment methods, ionic liquid gave the most promising pre-treatment method that could recover 100% of glucose structural carbohydrate in OPF. The establishment of this pre-treatment method allows the efficient recovery of fermentable sugars from structural carbohydrate in OPF.


Table  5:      Several pre-treatment methods for fermentable sugars recovery from OPF.



	Pre-treatment method
	Conditions

	Total solids
(%)

	Glucose
(%)

	Xylose
(%)

	Reference




	Hot compressed water (HCW)
	175°C
15.5 min

	–

	84

	–

	39




	Auto hydrolysis
	121°C
60 min

	75

	–

	27

	40




	Ionic liquid
	92°C
24.1 min

	–

	100

	–

	41




	Ethanolic hot compressed water (EHCW)
	180°C 42 min

	–

	88

	–

	42




	SOP/H2O2
	80°C
70 min

	45

	86

	61

	36





 

Apart from the lignocellulosic bagasse, OPF can be pressed to extract the juice. The juice was reported to contain 76.09 g/l of total sugars.30 On the bio-succinic acid fermentation side, the maximum glucose concentration for the highest bio-succinic acid yield was at 70 g/l of glucose concentration via Actinobacillus succinogenes.43 This was the concentration of total sugar reported in OPF juice. This phenomenon supports OPF as a practical carbon source for the bio-production of succinic acid. Apart from that, Zahari et al.30 reported that the total amino acids in the OPF juice were 174.1 µg/g, with serine (111.0 µg/g), glutamic acid (22.7 µg/g) and proline (27.1 µg/g) as the major amino acids30 which is almost similar to that oil palm trunk sap reported by Kosugi et al.44 The presence of this amino nitrogen further accredits OPF as the carbon source for bio-succinic acid since it can reduce the reliance on external nitrogen source for microbial fermentation process.

5.          ECONOMIC POTENTIAL OF BIO-SUCCINIC ACID FROM OPF

In order to elevate the potential of bio-production of succinic acid, the cost of bio-production must be made competitive compared with the petrochemical method. The cost of the raw feedstock (carbon source) in this case contributes directly to the total production cost. This issue is becoming increasingly vital due to the increasing sugar prices. It has become one of the hottest topics for the researchers around the world. Approximately 12 other biomasses had been introduced to replace the costly sugar as the carbon source for bio-succinic acid fermentation as compiled in Table 6. OPF in this regard has the potential to serve as the cheapest feedstock for fermentation. Apart from cost, availability of the biomass is another important parameter to ensure a large and continuous supply of carbon source for production of bio-succinic acid.


Table  6:      Cost comparison of raw materials (waste biomass) and their availability.



	Rank

	Types of biomass
	Cost of biomass (USD tonne–1)

	Availability (mmt/annum)




	1

	OPF
	19.4

	250




	2

	Sugarcane bagasse
	23

	74




	3

	Rice straw
	29

	800




	4

	Cotton straw
	38

	107




	5

	Corn core/cob
	40

	84




	6

	Corn straw
	40.5

	1015




	7

	Wheat straw
	60

	915




	8

	Waste bread
	60

	0.8 (UK)




	9

	Sugarcane molasses
	140

	56




	10

	Wheat
	261

	704




	11

	Rapeseed meal
	324

	31




	12

	Soybean meal
	506

	152




	13

	Whey
	795

	2.5





 

Figure 6 shows the potential bio-succinic acid capacity that can be generated from OPF in the global scale. This could give an overview which covers the loss in every stage of the operation from the recovery of fermentable sugars from structural carbohydrate until the final stage of recovering bio-succinic acid from the fermentation.

As mentioned earlier, the world production of OPF is estimated to be 250 million tonnes (wet weight) from the ratio of the cultivation land in Malaysia (4.49 million hectares),41 to the world cultivation land of oil palm (13.46 million hectares).21 24% of juice can be extracted from raw OPF which splits the OPF into roughly 60 MMT of juice and 190 MMT of OPF bagasse.47 Bagasse contains approximately 60% moisture content in the bagasse, leaving about 76 MMT of dry OPF bagasse. 68.3% of the dried bagasse is 52 MMT of structural carbohydrate (from the average calculated in Table 2). Taking an estimation of 90% recovery from the pre-treatment, 47 MMT of fermentable sugars can be recovered from the dried bagasse.38 The sugar utilisation is estimated to be 95%,46 which led to 44 MMT of sugars fermented in the fermentation process. Taking 80% succinate yield from the used sugars, 36 MMT of bio-succinic acid is assumed in the fermentation broth at the end of the bio-succinic acid fermentation.
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Figure  6:      Potential world production capacity for bio-succinic acid from OPF.



Finally, by approximating the bio-succinic acid recovery of 80%, 28 MMT of ready-to-sell bio-succinic acid can be obtained from the OPF bagasse. OPF juice on the other hand, was estimated to be 60 MMT around the world. The readily fermentable sugars in the juice were reported to be 76 g/l (7.6% w/w). Assuming 95% sugar utilisation, 80% yield and 80% bio-succinic acid recovery, 2.8 MMT of bio-succinic acid can be obtained from the OPF juice fermentation. Therefore, the total potential production capacity of bio-succinic acid from OPF is 28 MMT from the OPF bagasse, together with 2.8 MMT from the OPF juice will be 30.8 MMT per annum. The price of the bio-succinic acid is about $6000–$9000/tonne.6


6.          CONCLUSION

OPF is one of the most sustainable renewable resources for bio-succinic acid production due to the stability of oil palm plantation industry in Malaysia. Judging from its availability at a large amount, consistency in supply, low cost, high content of reducing sugar, composition of nitrogen source, polices of the Malaysia Palm Oil Council and the support of Malaysia government, OPF should be considered as one of the best carbon sources for bio-succinic acid production. This exciting technology and facilities being developed for succinate production from OPF can be used as a platform for the development of other high potential bio-based building blocks molecules to fill the needs of local chemical demands. Malaysian National Biomass Strategy 2020 also proposed that the best use of oil palm biomass is for higher value-added downstream activities, e.g., generating bioethanol and bio-based chemicals rather than those business-as-usual uses of wood products, animal feed, energy, and using biomass directly on the field as fertilisers. The biggest long-term opportunity for Malaysia is in bio-based chemicals, with a forecasted global market size of RM 110–175 billion by 2020. Likewise, producing biofuel and bio-based chemicals from oil palm biomass will increase wealth and open up new and better jobs.
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ABSTRACT: Separating xylitol from xylose and arabinose, which can be achieved through the fermentation broth, is a challenging task due to their closed molecular weight. Several methods have been used for the separation including adsorption, crystallisation and membrane. The separation of xylitol from sugar mixture by using nanofiltration (NF) membrane is of particular interest in this work. NF membrane is proposed based on the range of molecular weight of the mixture components that falls in NF (200 to 2000 gmol–1). A new and efficient NF membrane used for separating xylitol from its mixture was tailored from polyethersulfone (PES) and PES incorporated with titanium dioxide (TiO2) nanoparticles (NPs) of 1 wt.% via phase inversion method followed by heat treatment. These in-house membranes were subjected to a systematic analysis, and later, their separation performance was evaluated using xylitol mixed solution. Both membranes exhibited improvement in Na2SO4 salt rejection up to 77% and 65% for unmodified and modified membranes, respectively. PES/TiO2 membrane showed hydrophilicity improvement in contact angle (from 80 ± 4.95° to 68.6 ± 2.16°) and water flux performance had increased a little from 12 to 15 L/m2.h. The separation of xylitol from sugars using PES/TiO2 membrane showed better performance compared to pure PES membrane, where the permeate flux of xylitol solution was found to increase from 4 to 7 L/m2.h when the modified membrane was used. These results indicate that the modified membrane with TiO2 NPs could be potentially used for the targeted application.

Keywords: PES, xylitol, nanoparticles, nanofiltration membrane, separation performance

1.          INTRODUCTION

Xylitol is categorised as a polyalcohol and it has caught more attention in recent research works due to its significant use in food, medicine and pharmaceutical industries.1 Xylitol has many benefits to human health such as its ease for metabolism, prevention of dental caries and as a food additives in chewing gum, soft drinks, beverages and in bakery products.2 Either lignocellulose or xylose is used as the main source of xylitol production.3 Xylitol could also be commercially obtained chemically by using catalyst,4 or biotechnologically by using fungi, bacteria or yeast.5

The separation performance of xylitol is a complicated process due to presence of impurities and this separation can be achieved by using different techniques such as: (1) crystallisation (75%),6 (2) adsorption (60%),7 or (3) membrane technology (82%).8,9 Based on this, membrane technique is reported to have given the highest purity compared to others. Membrane technique is also becoming a promising technology because it has the potential for energy saving and higher purity. Further, utilising nanofiltration (NF) membrane in this technique has proven to be an effective technology for the removal of organic materials such as sugars and sugar alcohol depending on molecular weight of the sugars (152.15–150.15 g/mol).9,10

Additionally, according to the NF membrane hydrophilicity that could potentially minimise fouling, etc., NF is recommended to be used for separation of xylitol from sugars.9,11,12 Many types of polymers have been reportedly used to fabricate NF and UF membrane such as polyamide (PA), polysulfone (PSF) and polyethersulfone (PES).13,14 Of all, PES has been chosen in this study due to its toughness and chemically endurance.15 PES polymers, which have ether groups and sulfone groups in their backbone chains, possess high glass transition temperatures (Tg) and flexible chain in order to soften the polymer at a reasonable temperature due to the stiff sulfone groups and flexible ether linkages, respectively.


PES structure differs within a range of Tg about 190°C–230°C. However, the main disadvantage of using PES is its low hydrophilicity (around 80°). Lack in the hydrophilicity in a polymer membrane may result in fouling to the membrane.16 Thus, the hydrophilicity of PES membrane could be modified by following different routes such as mixing with co-polymer, surface grafting, coating and adding ceramic fillers etc.17,18 Other than that, hydrophobic membrane could also be altered using nanoparticles (NPs) including TiO2, SiO2, Al2O3 and others to form hydrophilic membrane.19

Membrane hydrophilicity enhancement after addition of TiO2 nanoparticles have resulted in water flux improvement.20 Furthermore, when 1%–2% of TiO2 is incorporated with the pure membrane, the membrane porosity is increased, while when the ratio is increased to 3%, the agglomeration of NPs occurred.21 Generally, the incorporation of NPs into the membrane influences the membrane characteristics significantly. The trade-off between permeability and selectivity of polymeric membranes could be solved by incorporating NPs. The presence of NPs has been found to alter the characteristics of the membranes' top layer, pore size, thickness, hydrophilicity and charge potential, and parameters related to the membrane structure such as the porosity and macrovoid morphology of the asymmetric support.22

Thus, this work is aimed to synthesise and characterise phase inversion PES NF membrane for xylitol separation application. The synthesised membrane was also incorporated with TiO2 NPs to enhance the membrane permeation properties for xylitol separation as well as maintaining other inherent properties of the polymers such as chemical, physical and morphological.

2.          EXPERIMENTAL

2.1        Materials

Polyethersulfone (PES) granule (Goodfellow) was used as the membrane based polymer. Titanium dioxide (TiO2) was used as nanoparticles (99.5%, 20 nm) (Nanoamor). N-methyl-2-pyrrolidone (NMP) with analytical purity 99.7% (Fluka, Germany) and distilled water were used as solvent and non-solvent, respectively. Xylitol, xylose and arabinose powder of 99% (Acros Organic) were used as received for preparing synthetic sugar mixtures.


2.2        Membrane Preparation

Phase inversion technique was used to fabricate the pure PES and PES/TiO2 modified membranes. First, 1% of TiO2 NP amount were dissolved in 10% of NMP at 60°C with 450 rpm for 6 h. Then, the TiO2 solution was added to dope solution containing PES (18%) with residue NMP. Both dope solutions were stirred at the same preparation conditions for 6h. The homogenous solution formed was left 24 h for degassing and then it was sonicated for 1 h to avoid nanoparticle agglomeration. A certain amount of the solution was cast using a casting knife at 200 µm thickness onto a glass plate at room temperature (27°C). The cast membranes were immersed in distilled water for 2 h for solvent exchange, and then the distilled water was changed for complete solvent exchange. The fabricated membranes were then stored in distilled water at room temperature prior to heat treatment.

2.3        Heat Treatment Procedure

The PES fabricated membrane was dried for 24 h at room temperature prior to heating. The membrane samples were placed in the oven at 100°C for 20 min.23 The heat-treated membrane was again kept in distilled water for further use.

2.4        Membrane Characterisation

2.4.1        Contact angle

The contact angle was measured to investigate the pure PES and PES/TiO2 modified membrane's hydrophilicity. Both membranes were dried for 72 h prior to measurement. The Rame-Hart Model 200 standard contact angle goniometer was used with DROP image Standard Software with an accuracy of 60.10°. The medium used to measure the contact angle was deionised water and air at ambient temperature (27°C).

2.4.2        Membrane filtration performance

The pure water flux and xylitol solution permeation of the PES and PES/TiO2 membranes were carried out by a dead-end filtration in a pressure filtration unit (Sterlitech HP4750, Sterlitech Corporation, USA). Initially, both membranes were compacted at 22 bar until a steady water flux was achieved (more than 1 h) using DI water prior to filtration experiments. The pure water flux (PWF) was measured at 4 bar by applying Equation 1. In order to minimise experimental errors, 5 samples were collected and the average flux value was reported.
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where Jw is the water flux (L/m2.h), V the permeate volume (L), A the membrane area (0.00146 m2), and t the filtration time (h).

Next, rejection of model mixture solution of xylitol was measured using the same apparatus. In order to investigate rejection of both membranes, 19.1 g/L of xylitol mixture was used at 4 bar.24 The rejection (R) was calculated by using Equation 2:
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where Cp and Cf are concentrations of permeate and feed respectively.

The permeate concentrations (Cp) of xylitol, xylose and arabinose were quantified using HPLC (Ultimate 3000, Thermo scientific, USA), under the following analytical conditions: RPM column (Rezex, dimension: 300 × 7.8 mm, USA), Refractive Index (RI) Detector (Refractomax 520, ERC, USA), DI water as mobile phase, 60°C temperature and 0.6 ml/min flow rate.

The membrane NF performances were also investigated via salt rejection study. It was done by subjecting both membranes (before and after heat treatment) to 20 mM divalent salt rejection. The salt rejection was also calculated by using Equation 2.

3.          RESULTS AND DISCUSSION

3.1        Membrane Characterisation

3.1.1        Contact angle

The contact angle value of the membrane shows the material's hydrophilicity. As the hydrophobicity increases, the contact angle of the droplets with the surface increases. Surfaces with contact angles greater than 90° are labelled as hydrophobic.25 Table 1 presents the results of contact angle and pore size of pure PES membrane and PES-TiO2 modified membrane. It is evident that the contact angle improved from 80 ± 4.95° to 68.6 ± 2.16° when 1% of TiO2 was incorporated with pure PES membrane. Furthermore, the membrane pore size has decreased from 7 nm to 5 nm, while the membrane porosity has increased from 48% to 79% when the membrane was incorporated with TiO2 NPs (the measurement method of pore size was according to Guerout–Elford Ferry Equation).26 This is due to the fact that after TiO2 was added into the polymer doped solution, TiO2 NPs will spread among PES chain segments. The chain segment cannot spread during membrane formation, and consequently, pore size diminished resulting smoother membrane surface and smaller contact angle. The same phenomenon was reported when the TiO2 was added to increase polyamide/TiO2 membrane hydrophilicity.27 In this work, both contact angle values of PES and PES/TiO2 membranes were less than 90°, thus, membranes are called as hydrophilic membranes; however, the PES membrane is classified as lack of hydrophilicity, while PES-TiO2 membrane is more hydrophilic.


Table  1:      The contact angle of PES and PES/TiO2 membranes.



	Membrane type
	Contact angle (°)

	Pore size (nm)

	Porosity (%)




	PES 18%
	80 ± 4.95°

	7 ± 0.5

	48 ± 2




	PES/TiO2 1%
	68.6 ± 2.16°

	5 ± 1

	79 ± 1





3.1.2        Salt rejection study

Prior to separation and filtration study, these in-house membranes were tested for salt rejection studies to confirm their NF range. Salt rejection was carried out to determine the membrane filtration performances towards divalent anions before and after heat treatment. It was done by testing the rejection of 20 mM Na2SO4 solution at 4 bar pressure. Table 2 showed Na2SO4 rejection before and after heat treatment. The divalent salt rejection of pure PES membrane increased from 48% to 77% while after incorporation of TiO2 NPs, the salt rejection also increased from 44% to 65%. This result shows that the membranes fabricated are in NF-ranged as desired since the rejection in divalent salts are improved after heat treatment. The effect of adding multiwall carbon nanotubes (MWCNTs) NPs to pure PES membrane on the salt rejection has shown that the divalent rejection improved from 30% to 60% as 0.4% of MWCNTs NPs were added to the pure membrane. These results were used to confirm the nanofiltration performance of the membrane after adding NPs to the membrane.18


Table  2:      Na2SO4 salt rejection of PES and PES/TiO2 membranes.



	Membrane type
	Salt rejection before heat treatment (%)

	Salt rejection after heat treatment (%)




	PES 18%
	48 ± 4

	77 ± 2




	PES/TiO2 1%
	44 ± 2

	65 ± 3






3.1.3        Filtration and Separation Properties

3.1.3.1     Pure water flux

The fabricated membranes were further tested for the water flux. Table 3 illustrates the pure water flux through the PES and PES/TiO2 membranes at 4 bar. The addition of 1 wt.% of TiO2 NPs to the PES has no significant effect on the water flux, the flux increased from 12 L/m2.h to 15 L/m2.h. Meanwhile, the addition of NPs with lower concentration yielded greater presence of macrovoid, compared to the neat membrane, causing the water molecules to have a lower resistance to penetrate through the membrane, and thus giving higher flux.16 Therefore, it can be concluded that TiO2 incorporation in a pure PES membrane could increase the pure water flux as confirmed in the previous studies.


Table  3:      The water and permeate flux of PES and PES/TiO2 membranes.



	Membrane type
	Water flux (L/m2.h)

	Permeate flux (L/m2.h)




	PES 18%
	12 ± 1

	4 ± 1




	PES/TiO2 1%
	15 ± 2

	7 ± 1





3.1.3.2     Permeate flux

The permeation study of xylitol mixture was carried out at 4 bar for 1 h to evaluate the membrane separation. To achieve this, a model solution of xylitol was used. Prior to this test, a synthetic solution of sugars was prepared following the same fermentation broth concentrations as reported by Mussatto et al.24 upon producing xylitol from sugarcane bagasse and the detail concentration used is shown in Table 4. The results in Table 3 show the increasing flux on the modified membrane where the solution flux of pure PES membrane was observed at 4 L/m2.h, while PES/TiO2 membrane's flux increased to 7 L/m2.h.


Table  4:      The feed solution concentrations.



	Component
	Xylitol

	Xylose

	Arabinose




	Concentration (g/L)
	19.

	1.44

	2.7




	Percentage (%)
	82.2

	6.2

	11.6




	Molecular weight g/mol
	152.15

	150.15

	150.15






3.1.3.3     Xylitol solution rejection

The rejection test was performed for investigating the effect of separating xylitol from mixed sugars on both membranes. This test was conducted at 4 bar. Based on Affleck,8 the use of high pressure will reduce xylitol rejection and is not recommended for this kind of separation. Same model solution (Table 4) was again used.

Initially, the calibration curve (Figure 1) for all sugar components at specific concentrations was constructed using HPLC method. The concentration of the main component (xylitol) was varied from 1.9 to 19.1 g/L. Based on the figure, the R2 values for all plots are found close to 1, indicating that the linear equations for each of the components are reliable to be used in concentrations of xylitol, xylose and arabinose (Cp) seeking.
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Figure  1:      The standard curve of xylitol mixed solution.



The rejection of all sugar components after using both types of membranes are presented in Figure 2. As seen from Figure 2, xylitol rejection has increased from 54% to 56% when TiO2 NPs were incorporated in the PES membrane. The fact that the presence of TiO2 NPs may totally/partially plug the membrane pores is possibly one of the reasons for the increase in the rejection percentage. Another possible reason is that the increment of the hydrophilicity of the modified membranes have alleviated the adsorption of molecules on the top layer or pore wall of modified membranes, and further decreased the concentration polarisation and later decreased the mass transfer of solute through the membranes.16


Lin et al.16 have also reported on the role of the cake layer formation in the rejection of xylitol to a certain extent by suppressing the penetration of solute through the membrane. However, in this study, no cake layer was observed on the membrane surface during the filtration. There was also no flux decline along the filtration, which was possibly due to solution neutrality and the lower molecular weight of the components involved in the filtration.8 Hence, the former reasons (i.e., pore plugging, hydrophilicity increment) may have played the roles. On the promising view, both fabricated membranes showed the ability to separate the solution components that have same molecular weight.


[image: art]

Figure  2:      The xylitol mixture solution rejection of PES and PES/TiO2 membranes (xylitol on the left bar, xylose middle, and arabinose right).



4.          CONCLUSION

In conclusion, PES membranes incorporated with/without of TiO2 NPs were successfully fabricated via phase inversion technique. The characterisations of the membranes with/without nanoparticles of TiO2 were investigated. The key conclusions are listed below:


	The heat treatment to the membranes brought them to be in NF from UF range

	TiO2 nanoparticles have affected the PES membrane properties where the contact angles have increased forward to be more hydrophilic

	The addition of TiO2 nanoparticles to PES membrane increased the membrane water flux

	Incorporation of NP has improved the xylitol permeation and rejection. The presence of NPs will increase the rejection percentage and enhance the solute separation performance
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ABSTRACT: Organic acids are important targeted chemicals in the renewable biorefinery industry. They are widely used in various industries due to their variety of functionalities and less toxic properties. Conventionally, organic acids are produced through chemical processing using fossil raw materials. However, the biological production pathway has gained significant attention in recent years due to the growing environmental concern and movement towards green technology. To date, a variety of high-value organic acids such as succinic, lactic, butyric, acetic and fumaric acids have been produced via microbial fermentation. The primary challenge in the fermentative production of organic acids is the downstream recovery of the main products from the broth solution. Integration of membrane technology with other separation technologies in the downstream processing is deemed as a great opportunity for this purpose, for which membrane-based nanofiltration is seen as the potential technology. Nanofiltration offers several advantages such as great flexibility in the scale of production, high degree of separation and selectivity, and can be easily integrated with other separation units. This paper reviews the recovery of organic acids from fermentation broth using nanofiltration technologies, of which five types of organic acids are discussed in-depth. In particular, valuable findings concerning the effect of membrane properties, type of membrane used, and the effect of processing parameters on the organic acids recovery are highlighted in this paper.
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1.          INTRODUCTION

From the preindustrial era until present, there has been a great interest in renewable raw materials, from coal in the 19th century to cheaper crude oil and natural gas in the 20th century, and recently a great interest has shifted towards biomass.1 The present shifting in trend towards biomass as an alternative source to replace petrochemical feedstock specifically from non-renewable source is driven by the current needs to reduce pollution resulting from petrochemical processing.2 As biorefinery utilises renewable resources as feedstocks, it can reduce the carbon footprint for sustainable development.

Biomass can be defined as the organic matter which is constantly available on renewable basis in the form of solid and liquid from crops, agricultural, forestry residues, waste and existing forestry. It mainly consists of starch, cellulose, hemicellulose, lignin, oil and protein, in which every part can be converted into high value chemicals via biological process.1 Unlike the traditional chemical industry that directly utilises crude oil (hydrocarbons) as raw materials for the production of organic chemicals, biochemical industry involves biomass conversion to chemical products via fermentation.1

To date, a variety of high-value organic acids such as succinic, lactic, butyric, acetic and fumaric acids have been produced via microbial fermentation. These organic acids are of high interest, mainly as precursors for synthesising a variety of valuable chemical derivatives via different chemical conversion pathways. The applications of these organic acids are gathered and presented in Table 1. However, there are several key challenges in the biological production of organic acids including: the relatively low product concentration in the broth; difficult product recovery that requires specific separation technologies; the production of acids in salt form; and the formation of by-products.3 Although biomass as a source of feedstock is of increasing importance, in-depth analysis and understanding are needed to develop economically competitive and environmentally sound alternative routes.

Various methods have been reported on the separation and recovery of high value acids from biomass fermentation which include reactive extraction with amine-based extractant,2 direct crystallisation,4 membrane separation,5,6 and electrodialysis.7 Nevertheless, the existing recovery processes still suffer from low selectivity of targeted acid.4 This is due to the similarity in properties and behaviours of the main product and the by-products of carboxylic acids in the acid mixture at room temperature.8


In recent years, membrane-based technology has gained importance in biotechnology industry especially NF due to its unique separation principle of selective transport based on the molecular sieve effect and/or on charge effect depending on the type of membrane used and the feed properties. NF could efficiently separate monovalent salt and small organics from divalent ions and larger species by manipulating the properties of the membrane utilised such as surface zeta potential.9 Previous study reported that membrane with more negative surface zeta potential separates the organic acid salts better than membrane with low surface zeta potential.6,10

This paper reviews the recovery of organic acids from fermentation broth using NF technologies, of which five types of organic acids are discussed in-depth. The review begins with a fundamental introduction to membrane-based separation, which includes the superiority of NF membrane compared to other types of membranes in organic acid separation and NF separation principles, and mechanisms that enhance the properties of NF membranes in removal of multivalent ionic species compared to other membranes. Valuable findings concerning the effect of membrane properties, type of membrane used, and the effect of processing parameters on the organic acids recovery are also highlighted in this paper.


Table  1:      Organic acids application.



	Organic Acids
	Applications




	Succinic acid
	
	Flavouring enhancer for beverages, catalyst for food seasoning preparation and bread softening agent.11

	Anticarcinogenic and insulinotropic agents.12

	Precursor in the production of many important chemicals such as tetrahydrofuran (THF), 1,4-butanediol (BDO), gamma-butyrolactone (GBL), ethylenediamine disuccinate (a biodegradable chelator), 1,4-butanediol (a plastic precursor) and adipic acid (nylon precursor)13





	Lactic acid
	
	Ingredients in the production of many pharmaceuticals, cosmetics, textiles and biodegradable polylactide.14





	Butyric acid
	
	Textile fibres from cellulose acetate butyrate.15

	Biofuel production.16,17

	Applications in the food, chemical and pharmaceutical industries.15,16,18,19





	Acetic acid
	
	Raw material for vinyl acetate monomer (VAM) and acetic anhydride synthesis.20

	As a solvent for purified terephthalic acid (PTA) production.20







2.          MEMBRANE BASED SEPARATION

For the past two decades, membrane-based separation process has been developed for specific used in biotechnology industries, which utilises different ranges of pressure-driven filtration membranes including microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF). These membranes are responsible in the separation of different components from various bioprocesses including proteins, amino acids, sugars, vitamins and organic acids. MF being the most established process compared to UF and NF, has already been used in separation areas such as environmental engineering, biotechnology, life sciences and medicine.21 It separates fine particles in the size range of 0.1–10.0 μm, which usually involves retaining cells and cell debris while allowing proteins and smaller macromolecules to pass through it. For smaller compounds such as protein and macromolecules, UF membranes with pore size range of 1–100 nm suited well.22 In addition to the separation of downstream products of biotechnology industry, UF membranes have also been used to concentrate whey proteins during the production of dairy products.

Meanwhile, NF membrane is responsible in separating and recovering much smaller compounds such as solvent, salt, microorganism (bacteria and viruses) and dissolved organic compounds due its smaller membrane pore size of around 0.5 to 1 nm. NF separation is based on sieving and charge effects due to the presence of ionisable groups on the surface of the membrane,23 thus the properties of the NF membrane could be exploited either through membrane modification and/or by selecting the best membrane material in order to enhance selective separation of the multivalent ionic species in the feed solution. Table 2 presents the overview of different membrane types and their characteristics.

2.1        NF Separation Principle and Mechanisms

Generally, rejection mechanisms of NF can be divided into two types, which are sieving and non-sieving rejection mechanisms. The mechanisms are applicable for all NF membranes regardless of the type of polymer used to fabricate the membranes. Sieving mechanism is relatively simple and well established, where separations of neutral solutes through the NF membrane are dependent on the pore size of the membrane. Non-sieving mechanisms, on the other hand are more complex and can be singled out into Donnan exclusion, dielectric exclusion and "hydration mechanism."23,25 It is believed that every NF membranes may have different dominant rejection mechanism for combinations of several rejection mechanisms, depending on the micro-hydrodynamic and interfacial events occurring at the membrane surface and within the membrane nanopores.23,26


Table  2:      The overview of different membrane types and their characteristics.



	
	Microfiltration (MF)

	Ultrafiltration (UF)

	Nanofiltration (NF)




	Permeability (LMH/bar)
	> 1000

	10–1000

	1.5–30




	Pressure (bar)
	0.1–2

	0.1–5

	3–20




	Pore size (nm)
	100–10000

	2–100

	0.5–2




	Rejection
	
	
	



	Particles
	✓

	✓

	✓




	Macromolecules
	✘

	✓

	✓




	Small organic
	✘

	✘

	✓ or ✘




	Multivalent ions
	✘

	✓ or ✘

	✓




	Monovalent ions
	✘

	✘

	✘




	Separation mechanism
	Sieving

	Sieving

	Sieving Solution-Diffusion Charge effects





Source: Oatley et al. (2012)26

Donnan exclusion is a classical known rejection mechanism in NF separation, which is usually used to describe the high rejection of divalent ions and low rejection of monovalent ions in organic acids separation.6,10 It describes the membrane potential interaction between charge species and the fixed electrical charges attached to the membrane matrix.27 The charge of NF membrane was reported to originate from the dissociation of surface groups such as sulfonated or carboxyl acids and from within the membrane pore structure.28,29 The membrane surface groups can either be acidic, basic or a combination of both, depending on the specific materials used during the membrane fabrication process.23 Discussions on acidic surface charge of NF membranes could be found in open literatures as these membranes are reportedly used for acids separation/recovery especially from organic sources.

Table 3 presents different commercial NF membranes available that have been tested for organic acids separation with specification from the manufacturers.23,30 Upon contacting the membranes with ionic solution, membrane surface charge would form an electrostatic interaction with the ions in solution and may exhibit an isoelectric point at a specific pH due to amphoteric nature of the membrane surface chemistry. The dissociation of the membrane surface groups is strongly influenced by the condition of the contacting solutions namely pH and concentration.29 This special electrostatic interaction is the reason for the better selectivity of divalent ions from the monovalent ions possessed by NF membranes.


Table  3:      Commercial polymeric NF membranes utilised for organic acid separation and their specification from the manufacturers.

[image: art]

aMineapolis, MN; bOceanside, CA; cAnahiem, CA; dLe Mee sur Siene; eWiesbaden, Germany; fJapan; * average pore size (nm)

Unlike Donnan exclusion mechanism, dielectric exclusion and "hydration mechanism" were not really well understood. Nevertheless, previous studies have reported that the phenomenon of dielectric exclusion is due to the slight modification of membrane charge from the adsorbed ion of the contacting solution.25,31 This phenomenon described that the ion valence and fixed charge of membrane vary depending on the contacting solution, which controls the electrostatic repulsion or attraction of a NF membrane.23

Yaroshchuk25 had also described that the dielectric exclusion/partitioning can arise when an ion interacts with the bound electrical charges, which is induced by the ion at the interface between materials of different dielectric constant (which in this case membrane matrix and the solvent). Subsequently, the ion polarises the two media according to their relative dielectric constant and a distribution of polarisation charge builds at the discontinuity surface. The dielectric exclusion mechanism is usually used to describe the rejection mechanism of non-symmetrical electrolyte mixture containing ions of different charges. The detail interactions has been reviewed by Oatley et al.26 Meanwhile, for hydration mechanism, only limited description was reported. Yaroshchuk25 has described the rejection performance of NF membrane based on hydration mechanism from the loss of water dissolving ability of the NF membrane. Nevertheless, it was reported that the hydration mechanism was closely related to the changes in the membrane dielectric properties.25

3.          NF MEMBRANE RECOVERY FOR ORGANIC ACIDS

3.1        Succinic Acid

Kang and Chang6 investigated the recovery of sodium succinate (the conjugated based of succinic acid) and removal of by-products such as sodium acetate, formate and lactate from simulated fermentation broth using different types of commercial membranes. According to their study,8 NF45 and ESNA1 membranes demonstrated good separation performance of divalent from monovalent anions evaluated based on the rejections of salts. NF45 membrane demonstrated salt rejection sequence of MgSO4 ≈ Na2SO4 > MgCl2 > NaCl, while ESNA1 membrane demonstrated salt rejection sequence of Na2SO4 > NaCl ≈ MgSO4 > MgCl2.

The difference in salt rejection sequence, in which ESNA1 exhibited higher rejection of Cl- compared to NF45 indicated that ESNA1 had more negative surface charge. ESNA1 membrane was also found to have larger pore size compared to NF45, which is 52.8% compared to 85.9% rejection of PEG200, respectively. Therefore it was concluded that the separation mechanism of ESNA1 was dominated by Donnan exclusion, while, NF45 membrane was dominated by Donnan exclusion and sieve effects as the major factors contributing to the separation of ions.32 Even though both membranes were fabricated from polyamide as presented in Table 3, different polyamide composition presence in the membrane top layers produces membrane with different properties, which has significant effects on the rejection mechanisms, hence affecting the rejection performance of the membrane.

The rejection performance of NF45 and ESNA1 membranes were also further investigated using single, binary, ternary and quaternary organic salt solutions containing sodium succinate, lactate, formate and acetate. It was reported that succinate (divalent anion) showed higher rejection while lactate, formate and acetate (monovalent anions) showed the opposite trend when mixture solutions were used and selectivity of succinate also increased with the increase in concentration ratio of divalent to monovalent anions.33 This is believed to be due to the presence of interaction between both anions, known as pumping effect.

In the presence of divalent anion, a strong repulsion of divalent anion from the membrane surface pushes the monovalent anion towards the membrane surface to meet the electro-neutrality in the membrane phase. Therefore, this increases the monovalent concentration in the membrane phase, which resulted in more monovalent anions to easily pass through the membrane. In comparing the rejection of sodium succinate, ESNA1 showed much lower rejection compared to NF45 but for rejection of monovalent anions, ESNA1 has higher rejection. The former observation is due to the larger MWCO of ESNA1 membrane, while the latter may be due to ESNA1 membrane having higher surface charge compared to NF45 membrane.

The high surface charge of ESNA1 membrane indicates that the membrane would have low ratio of monovalent concentration at the membrane phase compared to the bulk concentration (known as distribution coefficient) due to the presence of strong repulsion effects from the membrane.32 This consequently resulted in higher rejection of monovalent anions as the permeation of the anions become less feasible. As NF45 show better performance than ESNA1, NF45 was tested for the recovery of succinate via diafiltration mode for 36 h using quaternary acid salts solution. With time, the recovery of succinate found to increase whereas the rejection of by-products (lactate, formate and acetate) decreased. The final succinate rejection obtained was 78.2% while the rejection of formate, acetate and lactate were –97.6%, –54.6% and –18.3%, respectively.

Choi et al.10 performed a study on the removal of organic acids from wastewater, which focuses on the rejection of organic acids at different operating parameters such as pH, pressure and concentrations for five different organic acids (formic, acetic, propionic, succinic and citric acids) using ES10 and NF270 membranes. The significant difference in the properties of these membranes is the MWCO, where ES10 has much smaller MWCO of 100 Da while NF270 has larger MWCO of 200–300 Da. Other properties of membranes are presented in Table 3. Even though wastewater was highlighted as the feed solution, the results reported in this study were noteworthy. In the separation of organic acid, it was found that the separation were also influenced by the molecular weight (MW) of the organic acid, either it is larger than/close to the MWCO of the membrane or it is much smaller than the MWCO of the membrane.


For organic acid with MW larger than or close to the MWCO of membrane, the rejection was driven more by sieving than electrostatic repulsion, and hence, the effect of pH on the rejection was not significant. This was evident by the high rejection (> 90%) of succinic acid (MW: 118.09 Da) and citric acid (MW: 192.13 Da) regardless of pH studied observed for ES10 membrane. From the results obtained, it can be seen that the rejection performance of ES10 is dominated by the sieving effect.25,34 This is due to the much smaller MWCO of membrane compared to MW of the organic acids investigated, which hindered the permeation of large organic acids to pass to the membrane, thus resulting in high rejection of succinic and citric acid. However, for small MW of organic acid such as formic acid, the rejection behaviour is affected by the variation in pH. The rejection of formic acid was obtained in a range of 2% to 96% over pH variation, which implied that separation mechanism of formic acid may be also driven by the electrostatic repulsion (known as Donnan exclusion) besides the sieving effect.6,27

Similar results as in rejection of formic acid using ES10 membrane was observed for NF270. Having much larger MWCO compared to the MW of organic acids investigated, the rejection performance of NF270 was strongly influenced by pH variation; the rejection of all organic acids increased with increasing pH. This is attributed to the increase in membrane surface charge with increasing pH. Hence, it resulted in an increase in electrostatic repulsion between solute and membrane, thus increasing the rejection of organic acids.10 NF270 membrane also exhibited higher membrane surface charge compared to ES10 membrane, as indicated from the surface zeta potential analysis. ES10 shows an isoelectric point (IEP) close to pH 3 but NF270 did not show any IEP within the pH range of 2–10. Moreover, for the influence of pressure on the rejection of organic acids, the results follow the trend as in pH variation. Large MW compound such as succinic and citric acids showed high rejections of over 90% irrespective of the operating pressure. However, for organic acids with much smaller MW compared to the employed NF membranes, the rejection increased gradually with increasing operating pressure, which is attributed to the increased in solvent flux.10

The study by Choi et al.10 also revealed that the concentration variation in between 50 and 500 mg/L had not much effect on the rejection performance of both membranes studied except for formic acid due to its small MW.. Both ES10 and NF270 showed a reduction in rejection of formic acid at increasing concentration, with more pronounced reduction observed on NF270 membrane. The phenomenon can be explained with the charge shielding effect occurred on the membrane surface due to increasing feed concentration (i.e., ionic strength).35,36 At increasing feed concentration, the increasing counter-ions (Na+) in the solution could effectively screen the initially negative membrane surface charge, therefore neutralising the negative charge of the membrane and reduces the electrostatic effect of the membrane.37 As a result, lower rejection of formic acid was obtained at higher feed concentration.

The more pronounced reduction observed for NF270 is due to its more negatively charged surface compared to ES10 indicated from the surface zeta potential analysis as discussed in previous paragraph. This phenomenon is closely related to the dielectric exclusion mechanism25 described in section 2.1. Overall, it could be seen that, separation performance of the membrane with MWCO much smaller than MW of the organic acids investigated was not affected much by the changes in the processing parameters such as pH, pressure and concentration and vice versa. This phenomenon is due to the difference of separation mechanisms that had taken place when membranes with different properties were used.

Sosa et al.30 had proposed a novel integrated three-step, membrane-based succinic acid recovery system. Three different membrane-based processes which are electrodialysis (ED), NF and Donnan dialysis (DD) were employed in this study. However, the succinate recovery performance using NF membrane is the main interest since the same membrane filtration is reviewed in our work. Sosa et al.30 have operated NF in a diafiltration mode, which involved repeated refilling of the dead-end cell with distilled water replacing the volume of feed loss as permeate. The performance of six different NF membranes namely NF90, NF DK, NP030, NF270, NF DL and NP010 have been investigated and compared for the rejection and flux of mixture solution containing succinate (product), formate and acetate (by-products).

The properties of membranes and operating conditions are presented in Table 3 and 4, respectively. The results had demonstrated NF270, NF-DK and NF-DL as promising membranes due to their low rejections for acetate and formate while maintaining high succinate rejection and the membranes also presented reasonable permeate flux performance of 30 L/m2.h, 25 L/m2.h and 30 L/m2.h, respectively. Nevertheless, NF270 showed slightly better results with the highest succinate rejection of 88.9%, while formate and almost 90% of acetate were removed. Meanwhile, NF-DL membrane showed the highest effective removal of acetate with 94.9%, but higher loss in succinate was observed. When tested with simulated carob pot extract fermentation broth, all membranes demonstrated higher succinate rejections of above 90% but lower removal degree of formate and acetate were observed compared to the results when model solutions were used. This difference was attributed to the distinct interactions of the compounds present with the membrane, but exact explanation was not given and required further dedicated studies. Nevertheless, it could be seen that the separation of organic acids could be further improved regardless of the type of membrane used when using diafiltration mode filtration compared to previous studies that utilised single dead end mode.6,10 With diafiltration, the repeated refilling of the dead end cell with pure water could further increase the recovery of succinate and remove the by-products of acetate and formate.

Unlike other literatures which reported the use of polymeric membranes in their studies, Staszak et al.38 employed ceramic membrane instead. They investigated the separation of organic acids including succinic and fumaric acids, in the presence of glycerol. Both organic acids showed slight reduction of retention in the presence of glycerol. Nevertheless, at increasing solution pH, nearly all glycerol was successfully permeated through the membrane while organic acids in the form of salts were retained. NF ceramic membrane was found to be able to concentrate organic acid salts at low initial feed concentrations and at pH above the acid dissociation constants. Nevertheless, the separation trend of ceramic membrane was seen to be more or less the same as polymeric membrane. Staszak et al.38 also reported increment in rejection performance of organic acids at increasing pH and reduction in rejection at increasing feed concentration.

3.2        Lactic Acid

Lactic acid recovery from fermentation broth using NF membrane has been intensively reported. Gonzalez et al.39 reported the purification of lactic acid from clarified fermentation broths by NF spiral wound and tubular membrane modules. They investigated the effect of feed concentration, flow rate, transmembrane pressure and pH on flux and rejection and correlated the separation efficiency of the NF membranes with combination of size and charge effects. From the results, the electrostatic effect was found as the limiting factor in the recovery of lactic acids by means of NF. In acidic condition, the rejection of lactic acid and inorganic salts in the fermentation broth were low around 35%–58% and 45%–76%, respectively. However, the lactic acid rejection increased with both pH and pressure but the flux reduced with increasing pH. The lactate rejection of DK2540C membrane was 10%–91% in the pH range of 2.7–6, whereas lactate rejection of AFC80 membrane was 45%–82%. Meanwhile, the feed flow rate, which influences the concentration polarisation, has not much effect on the performance of the membrane. From the results, it was observed that the degree of membrane surface charge influenced the retention of lactate. Although DK2540C membrane has a higher MWCO than the AFC80 membrane, lactate rejection was higher for the former membrane at high pH values. This is possibly due to the higher charge density possessed by DK2540C compared to AFC80 membrane. Similar results were also reported in a previous study.10 However, at high feed concentration, solute retention was lower as the Donnan exclusion effect was attenuated.39

An integration of properly selected NF membrane with a fermenter can yield high purity of lactic acid through recovery and recycling routes. Bouchoux et al.40 investigated an integrated system of cross flow mode flat sheet NF membrane with a fermenter for the production and purification of lactic acid from glucose as presented in Figure 1. They performed the separation of glucose and lactic acid from single-solute solutions of sodium lactate and glucose and mixed-solute solutions containing both solutes using Desal 5 DK membrane. The result indicated that the glucose retention decreased in the presence of sodium lactate, and that the decrement becomes more significant when higher concentration of charged solutes was present. As a result, the separation of sodium lactate from glucose was unachievable. The possible explanations could be due to two reasons: (1) an increase of membrane pore radius from the increase in membrane charge density in the presence of sodium lactate; and (2) a decrease of glucose hydrodynamic radius from the "salting-out" effect or a combination of the two phenomena. The decrease of neutral solute retention in the presence of charged solute is probably a general problem in the NF process of complex fluids.

Similar work has been done by Sikder et al.41 using cross-flow NF for recovering lactic acid from microfiltrate fermentation broth. The integration of NF membrane with a cell-recycle fermentation unit and lactate conversion unit could yield lactic acid with an optical purity of 85.6%. The effects of cross flow rate, transmembrane pressure and pH on flux and rejection of acid and unconverted sugars were also analysed. The optimum conditions retaining 94% uncoverted sugars while rejecting 32% lactic acid with permeate flux of 113 L/m2.h were obtained at pH 5.5, temperature of 37°C, transmembrane pressure of 13 bar and cross-flow velocity of 2.48 m/s. NF3 was found to be the best membrane compared to other two investigated membranes of NF2 and NF270. They also reported that the multiple purification steps could be replaced by combining NF with bipolar electrodialysis in the downstream purification.

Duke et al.44 investigated the effectiveness of mechanically strong inorganic membranes. They compared two readily available membranes including γ-alumina NF membrane and the more advanced molecular sieve silica membranes to enrich lactic acid product by selectively depleting water through the membrane. Selectivity factor (SF) of water over lactic acid and flux were used to evaluate the performance of membrane. SF > 1 indicates that the permeate was enriched with water. From the results, silica membrane exhibited better performance with a water SF of up to 220 (rejection coefficient of 0.995) which is very high and low lactic acid amount of only 0.08 wt% in the permeate. Meanwhile, the alumina membrane only exhibited water SF of 9, with permeate lactic acid of 2 wt%. The initial concentration of feed was 15 wt%. A significant flux decrease from 6 to 1 kg/m2 only after 250 min operation time of alumina membrane was observed explaining the low water SF obtained. It is believed to be due to pore blocking of lactic acid. Meanwhile silica membrane showed relatively stable flux of 0.2 kg/m2h. Better performance of silica membrane compared to γ-alumina membrane was due to alumina's strong surface charge and wider pore size thus enabling a slow pore blocking mechanism resulting in flux dropping. Simultaneously, silica membrane exhibited tight pore spaces that inhibited lactic acid from entering and the charge-neutral surface leading to a more stable separation. Nevertheless, further development towards flux enhancement of such membranes is still required for commercial application.
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Figure  1:      Cross-flow NF module coupled with fermenter for lactic acid recovery.40,42,43



3.3        Butyric Acid

One of the major concerns of the fermentation production of butyric acid is the downstream processing. Cho et al.17 proposed multistage integrated (UF/MF)-NF-FO system configuration for the separation and recovery of organic acids from biomass fermentation in which the second and the third stages are the main focus of the recovery process (Figure 2). In the first stage, microorganisms and other large insoluble particles in fermentation broth are removed using MF or UF, also known as the pre-treatment stage. The second stage involved organic acid separation using crossflow NF and RO membranes. The NF membranes (HL, Duraslick) and RO membranes (XLE, LE) were supplied by GE and Dow Filmtec, respectively. Various operating conditions were used to investigate the effect of pressure and pH on the rejection performances of several solutes which include ammonium sulfate, potassium phosphate, glucose, yeast extract, and butyric acid (Table 4). The recovery of butyric acid was achieved by allowing the acid to pass through the membrane and collected as the permeate while retaining other solutes in the retentate stream. It was reported that the RO membranes exhibited much higher solute rejections including butyric acid than the NF membranes due to the highly dense active layers. In other words, lower recovery of butyric acid was observed for RO membranes. The effect of operating pressure indicated that the rejection ratios of all solutes increased with increasing applied feed pressure and that the highest rejection ratios were obtained at 15 bar. The rejections of inorganic solutes and butyric acid were also influenced by the variation of pH due to the electrostatic repulsion phenomenon. Butyric acid is a weak acid with pKa of 4.82. As anticipated, high permeation of butyric acid was obtained at lower pH due to the low hindrance effect of NF membranes. It was thus concluded that NF membranes demonstrated greater recovery of targeted butyric acid particularly at low pH condition compared to the RO membranes.17

In the final stage, forward osmosis (FO) was integrated as the dewatering process to concentrate the butyric acid solution. Commercial polyamide TFC membrane (XLE RO) and CTA FO membrane (Hydration Technology Innovations (HTI), Albany, OR, USA) were employed in the study. CTA FO membrane exhibited greater water flux across the membrane, which is 3 to 4 times higher than the XLE RO membrane.17
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Figure  2:      Schematic diagram of integrated multistage membrane system for butyric acid separation and dewatering process.17




3.4        Acetic Acid

Baruah and Hazarika45 studied the removal performance of acetic acid from dilute aqueous solution (≤ 3%) using NF membranes prepared from α, β, γ-cyclodextrin composite with polysulfone. The prepared membranes which are known as α-CD, β-CD, and γ-CD membranes have asymmetric structure consisting of a dense top layer and a porous sub layer. Membrane separation performance was investigated for acetic acid aqueous solutions as a function of feed concentration, operating pressure, flow rate and operation time. Accordingly, greater permeation fluxes were observed at higher operating pressure and lower acetic acid feed concentration. Considering the operational costs involved, the researchers concluded that operating pressure of 3.5 bar was more suitable for the system though the permeation flux obtained at this pressure was slightly lower than the permeation flux at 5 bar. Of all the membranes tested, β-CD membrane was capable of achieving 99% recovery of acetic acid from aqueous solution. The composition and physical properties of the composite β-CD membrane were 11.344% of polysulfone, 0.196% of LiNO3, 1.134% of PEG, 86.946% of NMP, 12.30 µm membrane thickness, 38.4 nm pore diameter, 0.37% of surface porosity, and 45° contact angle. Additionally, the β-CD membrane also contained more interstitial cavities than α-CD and γ-CD membranes.

3.5        Fumaric Acid

Recently, Prochaska et al.46 proposed a novel concept of fumaric acid recovery process involving an integration of NF process, bipolar electrodialysis (EDBM) and reactive extraction. A schematic diagram of three stages hybrid system is illustrated in Figure 3. In the first stage of the process, NF employing polymeric flat sheet membrane (Koch Membrane System, UK) was performed to concentrate organic acids (salt form) and remove glycerol from the fermentation broth. The authors reported that organic acids such as citric acid and cordycepic acid with molecular weights close to the MWCO of the membrane (200 Da) were 100% rejected by the membrane. Similar retention had also been observed for succinic acid (118 Da), which is higher than that of fumaric acid. By contrast, smaller molecule such as acetic acid exhibited lower retention degree driven by solely electrostatic repulsion. The uncharged glycerol showed a much lower retention performance (less than 13%) attributed to the absence of steric hindrance effects and electrostatic interactions.

The second stage is the bipolar electrodialysis membran (EDBM) system, mainly used for separation and concentration of fumaric acid from the NF retentate broth. Dicarboxylic acids (fumaric acid, succinic acid) were selectively separated by the anion-exchange membrane via three-chamber stack configuration. It was reported that fumaric acid could be concentrated and separated from the monocarboxylic acids (acetic acid, citric acid) and other impurities such as mineral salts, and unreacted glycerol.46 Nevertheless, it must be noted that pH plays an important role in the feasibility of EDBM since the ionic form of organic acids are only found at pH greater than the pKa values. In order to recover the residues of fumaric acid, reactive extraction was integrated as the third stage of the recovery process.


[image: art]

Figure  3:      Schematic diagram of a novel hybrid system for the recovery of fumaric acid from fermentation broth.46



4.          Summary of Organic Acids Recovery

It is noteworthy that many attempts have been made by integrating NF technology in the current organic acid recovery systems. Some of the key performance factors of the NF process are summarised in Table 4. Interestingly, various types of membranes have been employed in the NF process, of which composite polyamide being the majority. Polyamide membrane was widely used due to its good performance in separating multivalent ionic solute from the monovalent solutes. The selection of appropriate membrane has been the vital part of NF performance and is dependent on the composition of the fermentation broth. It can be clearly seen that for succinic acid recovery, most of the studies investigated the separation of succinic acid from other organic acids rather than the residual sugars due to the low sugar concentration in the broth. As for other organic acids such as lactic, butyric, acetic and fumaric acid recoveries, the main focus of the literature is on the separation of organic acids from sugars alcohol.


The effects of operating parameters have also generated great interest among the researchers. As observed, the selected ranges for pressure and pH for NF were 5–40 bars and 3–11 values, respectively (Table 4). It was reported that the rejection of solute tends to increase with increasing operating pressure.17 However, the increment of solute rejection would level off or decrease at highly applied pressure.47,48 In addition, high operating pressure also results in high permeation flux.45 Since the energy requirement for NF process is closely related to the operating pressure, the applied pressure should be minimised, at the same time maintained the rejection efficiency.17 The pH of feed solution strongly affects the rejection performance of NF. This is due to the surface charged groups on the active layer of NF membrane.17


Table  4:      Summary of organic acids recovery from fermentation broth using NF technologies.
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When the feed solution contained organic acids with MW close to the MWCO of the NF membrane, the rejection of the organic acids by the membrane is mainly governed by the size exclusion mechanism rather than Donnan exclusion, hence, organic acids with smaller molecular sizes show greater permeation or lower rejection. However, at high pH (isoelectric point), the zeta potential of the membrane surface becomes negative and the organic acids are usually appearing in ionic anions. As a consequence, the rejection of ionic species with MW lower than the MWCO of the membrane is driven by solely electrostatic repulsion.17,46 The feed solution concentration (fermentation broth) can be varied depending on the fermentation methods. High feed concentration results in low permeation flux of NF process.45

Overall, several research gaps in the current reported literature deserve more attention in the future. Although the major improvement and development of commercial NF membrane in recent years has seen great potential for NF application in organic acids recovery, more efforts are needed to validate the rejection and selectivity performances of these membranes in the particular application. Despite the performance studies under wide range of operating parameters, the observed organic acids recovery remains a challenge in high broth concentration. Additionally, the use of actual fermentation broth for validating the separation performances would be of highly desired.

5.          CONCLUSION

The use of biomass feedstock as raw materials for producing highly valuable organic acids is driven by a reduction of fossil raw materials and movement towards green technology. Nevertheless, the downstream recovery of organic acids from fermentation broth has been an on-going challenge due to the presence of multiple by-products in the broth, low organic acids concentration, the production of organic acids in salt form, and high energy required to remove excess water from the recovered organic acids. Accordingly, efficient recovery approaches and technologies must be found with regard to yield, purity, and energy consumption. One of the promising recovery technologies is the membrane-based process which offers synergetic improvement on the overall process from the combination of the types of membrane and process modules. As a mature technology, membrane-based NF appears very attractive, which is attributed to its separation mechanism and membrane properties. The retention of NF membrane is mainly governed by Donnan exclusion and size exclusion mechanisms. In recent years, the integration of NF with other separation technologies such as FO, ED, RO or EDBM have been proposed for targeting high productivity and purity of organic acids. Integrated NF technologies coupled with upstream fermentation, in-situ organic acids recovery and biorefining strategy deserve more attentions in the future.
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ABSTRACT: Acetic acid is one of the inhibitors mainly found in biomass hydrolysates after acid hydrolysis of lignocellulose biomass. The presence of this compound can affect the final yield of bioethanol. Supported liquid membrane (SLM) is an efficient method for solute extraction from aqueous solution. However, unsuitable membrane structure and insufficient membrane strength are the typical problems experienced by the membrane support in the SLM system. In the current study, graphene nanopowder was incorporated into polyethersulfone (PES) dope polymer solution to fabricate flat sheet PES membrane support. The hydrophobicity of the PES membrane was increased from 85° to 120° when the graphene was added. The force required to break the PES/graphene membrane was 4.3N. This force was higher compared to the pristine PES membrane which was 1.9N. Both membranes however showed almost similar acetic acid removal percentages which were 86% and 83% for pristine PES and PES/graphene membrane, respectively.

Keywords: Acetic acid, liquid membrane, hybrid Polyethersulfone, graphene, flat sheet membrane


1.          INTRODUCTION

Meeting the world's demand on fuels and value-added chemicals from many sectors requires resources that are abundant and inexpensive to produce. Lignocellulosic biomass has been pointed out to be one of the most promising alternative sources. It is the only sustainable source of organic carbon on earth for the production of fuels and fine chemicals with net zero carbon emission. To make it reusable, lignocellulosic biomass has to undergo pretreatment and hydrolysis processes to release the sugar component for further processing to the final targeted products. However, these treatment processes induce the formation of inhibitor which directly restricts the microorganism activity during the fermentation process. Acetic acid is found to be the most serious and abundant inhibitor present in lignocellulosic biomass hydrolysate. Therefore, it is crucial to remove acetic acid to avoid inhibition problems affecting microorganisms prior to fermentation.

Liquid membrane process for solute extraction has gained increasing attention for its high selectivity and separation factors.1 The extraction and stripping occur simultaneously in liquid membrane, hence maximum separation can be achieved. Liquid membrane system consists of three phases which are feed, strip and organic liquid membrane phases. During extraction steps, the carrier inside the liquid membrane phase extracts the solute from the feed phase. The extracted solute was then stripped by using a stripping agent in the strip phase. The carrier will remain in the organic liquid membrane phase to extract the remaining solute from the feed phase.

The organic liquid membrane is normally immobilised in the microporous membrane support known as supported liquid membrane (SLM). The application of SLM in industrial is still limited due to the insufficient stability of the SLM system. Loss of carrier or solvent from the membrane support, blockage of membrane pores with carrier, and progressive wetting of the membrane pores by aqueous phase have been identified as the main challenges that need to be addressed in the SLM process. The ideal membrane support for SLM should have high tensile strength, high hydrophobicity, and highly resistant to chemical.

Several methods can be used to improve the physical characteristic of membrane support. One of the simple methods used to alter the properties of the membrane support is by adding an inorganic compound into the polymer dope solution.2 The most commonly applied inorganic materials include carbon molecular sieves, zeolites, metal organic frameworks, carbon nanotubes and graphene-based materials. Due to the unique characteristic of the graphene, various studies have been focussed on the development of hybrid membrane based on different graphene derivatives recently.

Wu et al.had incorporated graphene nanosheet in a polyvinylpyrolidone membrane in order to improve membrane hydrophobicity for CO2 absoprtion.2 They found out that other than hydrophobicity, the addition of 1% graphene improved the mechanical strength of the hybrid membrane significantly. However, when the concentration of graphene was increased from 3% to 7%, no significant change on the mechanical strength was observed. Park et al. had synthesised thin film composite membrane by incorporating graphene oxide nanosheet in polysulfone solution.3 The hybrid graphene oxide nanosheet membrane showed water permeability improvement due to the enhancement of the membrane hydrophilicity. Dong et al. blended reduced graphene oxide with Pebax 1657 polymer to prepare mixed matrix membrane for separation of CO2/N2.4 Based on their results, the permeability of CO2 improved and selectivity of CO2/N2 were increased.

Based on the previous studies, graphene contains extraordinary electronic, thermal, and mechanical properties. In this study, graphene was selected as inorganic filler in order to improve the hydrophobicity and mechanical strength of the membrane support in the SLM system. Graphene was incorporated into PES dope polymer solution and flat sheet membranes were prepared using vapour induced phase separation (VIPS) technique. The strength and hydrophobicity of the membrane was compared and the performance for acetic acid removal using the SLM system was evaluated.

2.          EXPERIMENTAL

2.1        Materials

Polyethersulfone (Radel® A, Solvay, USA) was used as the base polymer for membrane fabrication. The polymer was dried for 24 h at 60°C. Dimethylacetamide (DMaC) and polyethylene glycol (PEG 200) were purchased from Sigma Aldrich and were used as solvent and additive, respectively. Distilled water was used as a coagulation medium. The graphene nanopowder used as an inorganic compound was kindly supplied by Low Dimensional Materials Research Centre, University of Malaya, Malaysia.

In SLM system, acetic acid (Sigma) solution was used as a feed phase. For organic liquid membrane phase preparation, tri-n-octylamine (TOA) and 2-ethyl-1-hexanol was used as carrier and diluent, respectively. Both chemicals were supplied by Sigma Aldrich. Sodium hydroxide (Mercks) was used as a stripping agent.

2.2        Membrane Fabrication

The polymeric membrane support was fabricated by using vapour inducing phase separation technique. Two types of dope solution were prepared as shown in Table 1, with graphene and without graphene addition. For graphene-based dope solution, graphene nanopowder was dissolved in DMaC solvent and ultrasonic for almost 1 day. Then the PEG and PES were dissolved into this premixed DMaC solvent under continuous stirring up to 48 h at room temperature until homogenous dope solution was formed. The dope polymer solution was degassed at room temperature for 24 h. Flat sheet membrane was casted using semi-automatic casting machine onto glass plate and exposed to air environment at 86% relative humidity for 30 s. The cast film was then immersed into water coagulation bath at temperature of 40°C to induce complete solidification process. 30 min later, the solidified film was transferred to another water coagulation bath for 1 day and dried at room temperature for 2 days.


Table  1:      Dope polymer composition.



	Membrane
	Composition



	PES
	15% PES, 42.5% PEG 200, 42.5% DMaC,



	PES/Graphene
	15% PSF, 42.5% PEG 200, 42.5% DMaC, 0.1wt% graphene




2.3        Supported Liquid Membrane System

The membrane support (10.5 cm × 4 cm) was incubated in organic liquid membrane solution of 0.5 M TOA in 2-ethyl-1-hexanol for almost 24 h. Filter paper was used to remove the excess organic liquid membrane on the membrane surface. The supported membrane was placed in membrane cell and attached to the SLM system as shown in Figure 1. The membrane cell was made of two Teflon compartments of equal size with the dimension of 16.5 cm × 10 cm. 10 g/L acetic acid solution and 0.5M NaOH solution were used as the feed and stripping solution, respectively. The solutions were circulated into the membrane cell by two-channel peristaltic pump. The concentration acetic acid was detected by Synergy Hydro C18 HPLC column (Phenomenex, 150 mm × 4.6 mm, 4 µm particle size) connected to Waters Acquity UPLC system. 0.02M potassium dihydrogen phosphate was used as mobile phase and acetic acid was detected by UV detector at 221nm wavelength.
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Figure  1:      Schematic diagram of supported liquid membrane system.



2.4        Acetic Acid Removal Percentage

Equation 1 was used to calculate the percentage of acetic acid removal during the SLM process:
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where

[AA] fi is the initial concentration of acetic acid ions in the feed phase, and [AA]fo is the final concentration of acetic acid ions in feed phase.

2.5        Membrane Characterisation

The membrane morphology was observed by using scanning electron microscope (SEM) ZEISS EVO 50. The membrane was fractured in liquid nitrogen and coated with gold-palladium before examined in SEM machine. Optical contact angle measurement system (CAM 101 optical Contact Angle Meter, KSV Instruments) was used to determine the surface hydrophobicity of the membranes at room temperature. At least three measurements were performed at different membrane locations to obtain the average contact angle for one membrane sample. The mechanical properties of the membrane support were tested using Tensile Test Shimadzu EZ-LX.


3.          RESULTS AND DISCUSSION

3.1        Morphology of Membrane Support

Membrane morphology such as pore structure and size plays a crucial role to the performance of SLM process since the liquid membrane is held within the pores of the membrane by capillary force. The liquid membrane must remain stable in order to stay inside the pores for a long duration of time. The morphology of the pristine PES and PES/graphene hybrid membrane were shown in Figure 2. Both membranes had almost symmetric structure. A symmetric membrane is suitable for the SLM process due to the amount of forces exerted on both sides of the membranes are identical, thus the membrane stability improved during the SLM process.5,6 It can be seen on Figure 2(a) that pristine PES membrane showed a symmetric structure with cylindrical microvoids uniformly distributed throughout the cross section of membrane. Addition of graphene induced the dense sublayer on the bottom of the membrane and the distance between two cylindrical microvoids was increased.
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Figure  2:      Cross section of membrane support, Mag: 300K × for (a) Pristine PES, and (b) PES/graphene hybrid membrane.



3.2        Contact Angle

Figure 3 exhibits the contact angle of: (a) pristine PES membrane; and (b) PES/graphene hybrid membrane. The contact angle of PES/graphene membrane increased up to 41% compared to the pristine PES membrane. Pristine PES membrane almost achieving hydrophobic material (<90°), but with graphene addition it transformed to nearly superhydrophobic material (<150°). It is found that graphene concentration as low as 0.1% managed to increase the hydrophobicity of the membrane support significantly. The increment of membrane support hydrophobicity will enhance the stability of the organic liquid membrane phase within the membrane pore by preventing liquid membrane leakage.
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Figure  3:      Contact angle of (a) pristine PES membrane, and (b) PES/graphene hybrid membrane.



3.3        Tensile Strength

Figure 4 shows the force required to break the membrane sample during mechanical testing. The pristine PES membrane easily broke with 1.9 N force. The elongation before breakage of the membrane increased drastically when added with graphene. The required force to break the PES/graphene membrane is 4.3 N which is about 126% higher than pristine PES membrane. When nanofillers are properly dispersed in a host polymer, they can spread the load transfer of the composite material, thereby improving its mechanical properties.7 Graphene particles also can influence the PES crystallinity and somehow affect the mechanical strength of membrane.8 Although high pressure is not applied during SLM process, good mechanical properties of the membrane support can improve the lifetime of the membrane in SLM process.

In SLM process, the membrane will have the tendency to suffer breakage problem after long duration of experiment. Membrane exhibits lower mechanical strength and tends to crack, which results in a loss of membrane performance. The phenomenon of membrane breakage is not surprising because previous studies have revealed that membranes with low tensile strength and integrity structure often face a fouling and breakage problem.9,10 Hence, the membrane must have high tensile strength so that it remains stable without any breakage after long duration of time.
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Figure  4:      Plot of stress vs. time for pristine PES membrane and PES/graphene membrane.



3.4        SLM Performance for Acetic Acid Removal

The removal percentage of acetic acid from the aqueous phase using pristine PES and PES/graphene hybrid membrane is shown in Figure 5. The acetic acid removal percentage increases with the processing time. However, extraction time was fixed to 8 h during this study in order to achieve high removal percentage at short extraction time. Pristine PES and PES/graphene membrane were able to remove 86% and 83% of acetic acid, respectively. Both membranes remain stable within 8 h of SLM process. No obvious effect on the acetic acid performance was observed although both membranes had different hydrophobicity and mechanical strength. The hydrophobicity of the pristine PES membrane (85°) is already more than enough to contain the organic liquid membrane phase in the membrane pore. However, we expected that the effect of graphene in the SLM process become more important if the membrane was applied in the real biomass hydrolysate solution in the future experiment.


[image: art]

Figure  5:      Schematic diagram of supported liquid membrane system.




4.          CONCLUSION

Addition of graphene as low as 0.1 wt.% in PES dope polymer solution enhanced the membrane hydrophobicity and mechanical properties. However, the acetic acid removal performance for both membranes is almost the same and not affected by membrane hydrophobicity and mechanical strength.
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ABSTRACT: The emission of greenhouse gases, especially carbon dioxide (CO2) has been a major concern worldwide for several years now, as it causes global warming. Even though various CO2 capture technologies have been researched, liquid absorption is widely considered a popular and effective method for the removal of CO2 . For this reason, the choice of absorbent used to absorb the greenhouse gas is of vital importance. This article provides a brief overview of various liquid absorbents that have been investigated for this purpose, both in absorption columns and membrane contactor settings. Research journals currently available show that the usage of common amines and their combinations have been investigated, as well as several alternatives, additions and enhancements to existing liquid absorbents to improve the capture of CO2 and these are discussed in this article.
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1.          INTRODUCTION

The removal of carbon dioxide (CO2) using absorption is widely necessary in many industries such as natural gas processing, hydrogen and ammonia manufacture, and coal gasification. CO2 is also used in other industries such as food, beverage and petroleum. In addition, CO2 absorption is a promising process to reduce the greenhouse effect stemming from the emission of greenhouse gases, of which CO2 is a main contributor. In an attempt to reduce the emission of CO2 into the atmosphere, many agreements and protocols have been signed, including the Kyoto Protocol and the Copenhagen Accord. There are various technologies that can be utilised for capturing CO2, namely physical absorption,1,2 chemical absorption,3–5 adsorption6,7 and membrane.8

In physical absorption process, CO2 is absorbed under high pressure and low temperature conditions and desorbed at lower pressure and higher temperature. Several existing commercial processes that use physical absorption are Selexol, Rectisol, Purisol, Morphysorb and Fluor process.9 In chemical absorption process, the gas enters the absorber from the bottom and contacts counter-currently with the absorbent. After the process, the CO2-rich absorbent is then regenerated by a stripper and recycled back into the absorber.

Among the available technologies, chemical absorption into a liquid solvent is considered to be the most suitable process for capturing CO2. This process has the advantage of being the most matured technology and has been commercialised for decades, as well as suitable to retrofit already existing plants. However, this technology has several drawbacks such as low CO2 loading capacity, equipment corrosion, and amine degradation. It is possible to improve on these disadvantages by refining the solvents used. Commonly used solvents for this purpose are aqueous solutions of alkanolamines, such as monoethanolamine (MEA), diethanolamine (DEA), diisopropanolamine (DIPA) and methyldiethanolamine (MDEA). Other than alkanolamines, sterically hindered amines such as 2-amino-2-methyl-1-propanol (AMP) are also used as solvents to absorb CO2.

Due to its fast rate of reaction with CO2, MEA is the most widely used solvent. However, the cost of the MEA absorption system is high as it has a high regeneration energy requirement as well as being corrosive and easily degradable. DEA, DIPA and AMP are less reactive with CO2 but present fewer problems with corrosion and degradation while MDEA is the least reactive with CO2 but does not pose operational problems.4

Other than coming up with alternatives for the commonly used solvents, there is increasing interest in absorption solvents blends, as these blends are supposed to combine the strengths of the individual solvents while suppressing their weaknesses.


2.          CHEMICAL ABSORPTION CONFIGURATIONS

2.1        Absorption Column

CO2 separation using absorption columns have been extensively used in the industry for many decades now. However, this process has a significant cost and energy consumption, and there is still room for improvement. It is possible to modify the process design to reduce the capital and energy costs, as well as to enhance the absorbents used to augment system performance. A number of improvements on the system is being done by several developers such as Fluor, Mitsubishi Heavy Industries (MHI) and Cansolv Technologies.10 MHI has developed a new process where the usage of a new amine solvent is the key component.11

Research and development efforts in the future can be directed towards modifying the column packing to reduce pressure drop and increase contact between the gas and solvent, enhancing heat integration so that energy consumption can be reduced, and improving absorbent regeneration.

2.2        Membrane Contactor

In membrane contactors, the membrane is a barrier between the gas and the absorbent. The membrane poses limited mass transfer resistance as long as the membrane is not wetted by the absorbent and the mass transfer resistance is on the liquid side of the system. Various configurations of membrane contactors can be utilised to separate CO2 from the gas stream, but arguably the most popular is the hollow fibre membrane, which costs less than the spiral-wound module, the other popular configuration. In this configuration, gas would flow through the hollow fibre membranes, while the absorbent flows through the shell side of the membranes. CO2 would then pass through the membrane into the absorbent and impurities would be blocked by the membranes, which would decrease the loss of absorbent. As with the absorption column, CO2-rich absorbent that leaves the membranes would then be regenerated and recycled.

The advantages of using the membrane contactor are the absence of flooding, entrainment, channelling and foaming, not motion-sensitive, easy to scale up and has higher specific area for the same equipment size as the absorption column. deMontigny et al. found that membrane contactors performed better than absorption columns in similar operating conditions, but the degree of improvement depended on the membrane configuration and the type of membrane used. They also observed that gas flow rate, absorbent flow rate and the absorbent concentration affects membrane contactors in a similar manner that they affect absorption columns.12


However, membrane contactors have limitations that include pressure drop that increases with surface area and significant reduction of performance due to the membrane mass transfer resistance once the membrane is wetted by the absorbent. In addition, depending on the membrane manufacturing process, the hollow fibre cannot exceed a few meters in length.13

In the future, advances in membrane application may involve membrane contactors being more widely used for natural gas treatment, refineries and petrochemical plants, where the gas streams are condensable and plasticising, which would negatively affect the performance of the membrane. Therefore, research on more robust membranes will be of paramount importance. Increasing the membrane selectivity and permeability as well as reducing the cost are also the research pathways for the improvement of this system, while membrane wetting can be solved by improving the membrane or the absorbent used. Other than the selectivity and permeability, membranes are also required to be thin and low-cost, so these are also viable areas to work on.14

3.          LIQUID ABSORBENTS

3.1        Common Alkanolamines

Of the common alkanolamines used for the purpose of CO2 absorption, MEA seems to be the most efficient. Figure 1 shows the CO2 removal efficiency for several common single alkanolamine solutions while Table 1 gives some properties of common alkamolamine solutions used to absorb CO2.4 From Figure 1, it is clear that MEA, DEA and AMP achieved complete removal of CO2 while MDEA gives the lowest performance in terms of removal efficiency. According to Aroonwilas and Veawab, under typical service conditions, the reaction rate constant depends on the absorbent's rate of CO2 absorbance.4 For the absorbents they investigated, they found the order to be MEA > DEA > AMP > DIPA > MDEA. Kim and Yang compared the performances of different amines as absorbents for CO2 absorption using polytetrafluoroethylene (PTFE) hollow fiber membrane modules at several temperatures.15 In their research, MDEA failed to reach the desired removal, AMP managed to achieve the required removal rate and MEA succeeded in getting a high rate of CO2 removal even at very low liquid flow rates.

Lv et al. also came to the same conclusion regarding MEA in their investigation of CO2 absorption using deionised water, MDEA and MEA at low concentrations in polypropylene (PP) hollow fibre membrane with several different operating parameters.16 Their results show that MEA is most efficient in removing CO2, followed by MDEA and deionised water. Another study that directly compares various alkanolamine solutions with different structural characteristics was done by Kim et al.,17 in which the solubility of CO2 in MEA, DEA, triethanolamine (TEA) and AMP, and the heat of absorption between the absorbent and CO2 were investigated. All investigated solutions showed higher CO2 loadings with lower temperature, and AMP which is a sterically hindered amine, has the highest CO2 loading while TEA, the tertiary amine has the lowest CO2 loading.
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Figure  1:      CO2 Removal efficiency of single alkanolamine solutions under 0.00 mol/mol CO2 loading and 10 m3/m2.h liquid load (Aroonwilas and Veawab).4




Table  1:      Properties of several common alkanolamines used for CO2 absorption.

[image: art]


Typical alkanolamine solutions used for the purpose of CO2 absorption: AMP, DEA and MDEA were used by Wang et al. in a theoretical simulation to observe their performances in a hollow fibre membrane.18 The results indicate that AMP and DEA both have much higher CO2 absorption fluxes compared to MDEA. However, the concentrations of the two former solutions drop dramatically as they were depleted. It was concluded that the liquid flow velocity, initial solvent concentration and the dimensions of the hollow fibre play important roles on the absorption by AMP and DEA as their reactions with CO2 are instantaneous. McCann et al. developed a model to simulate the absorption and desorption of CO2 by MEA with focus on predicting the enthalpy associated with the processes.19

CO2 reacts with primary amine solutions like ammonia to form ammonium bicarbonate:
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This reaction allows for a maximum loading of 0.5 mol of CO2/mol of ammonia. On the other hand, sterically unhindered primary and secondary alkanolamines react instantaneously with CO2 by forming intermediate zwitterions that is deprotonated by amine producing carbamate:
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Reaction (3) is the determining step; when the concentration of the alkanolamine is high, the deprotonation of zwitterions is a second-order reaction while at a low concentration the reaction is a first-order reaction. The stable carbamate production is limited to a maximum loading of 0.5 mol CO2/mol amine.

The ease of absorbent regeneration is important, as for most processes in consideration the absorbent is recycled. Even though the CO2 absorption performance of MEA surpasses the performance of AMP, MEA requires more energy for regeneration so AMP is ultimately a better choice as absorbent.15 According to Zhang et al. even though AMP may be a sterically hindered amine, it is easier to regenerate with little loss of absorption capacity compared to other amines such as MEA, DEA, diethylenetriamine (DETA) and MDEA.20 Kim et al. concluded that the reaction temperature increases with the reaction rate, and that the regeneration energy of absorbents is directly related to the heat of reaction and is therefore higher when the binding force between the absorbents and CO2 molecules are stronger.17


In membrane gas absorption, membrane wetting is undesirable as it leads to an increase in mass transfer resistance and deterioration of performance. Lv et al. found that CO2 removal efficiency increases with increase of the liquid flow rate and solvent concentration, while the CO2 mass transfer rate increases with increase in liquid flow rate, CO2 volume fraction in the feed gas, solvent concentration and gas flow rate.16 The increase of solvent concentration is usually in favour of CO2 absorption performance, however, increased solvent concentration accelerates membrane wetting, so the solvent concentration needs to be compromised between efficiency and membrane wetting to obtain efficient removal with long membrane life.

Lv et al. investigated the wetting mechanism by immersing PP hollow fibres in MEA, MDEA and deionised water.21 Characterisations of the immersed membranes show that the absorbent molecules diffuse into the polymers and cause them to swell. Contact angle for fibres immersed in water is the highest, followed by MEA then MDEA. This is the same order as the absorbents' surface tension, implying that the decrease in contact angle is dependent on the absorbent's surface tension, as the absorbent with lower surface tension can diffuse more easily into the pores of the membrane. The membrane pore deformation is also dependent on the surface tension of the absorbent, with pore average diameter being larger when the absorbent has a lower surface tension. In terms of surface roughness, the immersed fibres have significantly higher surface roughness compared to the non-immersed fibres, with an increase in the surface roughness when the immersion absorbent has a lower surface tension. High surface roughness generally leads to high hydrophobicity, which is desired in membrane gas absorption processes. The breakthrough pressure order is as follows: MDEA <MEA <deionised water <non-immersed, which is also the same order of the absorbents' surface tension.

The effect of DEA absorbent on PP membranes was investigated by Wang et al.22 Two types of PP hollow fibre membranes were used, and at the end of the experiment both membranes went through changes in pore structure and surface roughness. It was suspected that the chemical reaction between the membrane and absorbent may have reduced the hydrophobicity of the membranes, causing partial wetting. In terms of corrosion, Veawab et al. found that MEA is the most corrosive, followed by AMP and DEA, with MDEA being the least corrosive.23

These alkanolamines have been used for both research and industrial use, and it is apparent that each absorbent has its own advantages and drawbacks. For a better performance at a lower cost, research and development efforts have been put into improving these absorbents, by combining them or by adding additives.


3.1.1        Hybrid absorbents

After observing the performance of common alkanolamines in absorbing CO2, these common alkanolamines are blended in an attempt to combine the advantages of each type of amine. Generally, primary and secondary alkanolamines provide fast kinetics and high absorption capacity, while tertiary and sterically hindered amines can be regenerated at low cost. Table 2 lists down some of the hybrid absorbents made from mixing alkanolamine absorbents to improve their characteristics.


Table  2:      Several mixtures of alkanolamine researched for CO2 absorption.



	Mixture
	Process

	Reference




	MEA-MDEA
	Absorption column

	
Aroonwilas and Veawab4

Veawab et al.23

Thitakamol and Veawab24 Liao and Li25

Dubois and Thomas26





	DEA-MDEA
	Absorption column

	
Aroonwilas and Veawab4

Veawab et al.23

Thitakamol and Veawab24





	MEA-AMP
	Absorption column

	
Aroonwilas and Veawab4

Veawab et al.23

Choi et al.27

Thitakamol and Veawab24





	DEA-AMP
	Absorption column

	
Aroonwilas and Veawab4

Barzagli et al.28





	AMP-MDEA
	Absorption column

	Barzagli et al.28



	
	Membrane contactor

	Lu et al.29



	AEE-MDEA
	Absorption column

	Bonenfant et al.30



	AEE-TEA
	Absorption column

	Bonenfant et al.30




Hybrid absorbents have the potential to exceed the performance of single absorbent as proven by Yeon et al.31 They used MEA and TEA as absorbents to remove CO2 from flue gas in a hollow fiber module membrane contactor. For the hybrid absorbent containing 5wt% TEA and 5wt% MEA, the process operated for 80 h with a CO2 removal efficiency of 90%–95%. However, for MEA absorbent, the CO2 removal efficiency went down to 75% after 8 h and remained constant at 75%. This is due to the chemical and mechanical deterioration as the MEA solution penetrated into the pores of the membrane. In addition, when the MEA – TEA hybrid absorbent was used, there is a decrease in the stripping temperature, providing a more economical process.

Two alkanolamines' mass transfer parameters were investigated by Rodriguez et al.by using the individual solvents as well as mixtures of the two.32 From the results, the average overall volumetric coefficients of mass transfer of MEA and the mixture based on it are higher compared to AMP. In addition, the MEA:AMP mixture gave a better performance in removing CO2 compared to AMP alone, which is may be due a synergistic effect between the two solutions. Blends of MEA and AMP was also investigated by Choi et al.,27 proving that the blends have a higher CO2 loading than MEA and a higher reaction rate than AMP, thus indicating that the blends managed to combine the desirable characteristics of both individual solutions.

The tendency of several absorbents to produce foam was investigated by Thitakamol and Veawab.24 Foaming poses a severe operational problem in plants that remove CO2 and hydrogen sulfide (H2S) using gas absorption into alkanolamines. Negative impacts brought by foaming include excessive loss of absorption solvents, products off-specification and premature flooding, all of which raise the expenditures of the plant. A blend of MEA and AMP of 2:1 ratio tended to foam, as well as MEA and MDEA. However, blends of MEA and MDEA at 1:1 ratio and MEA and AMP at 1:2 ratio did not exhibit foaming. In terms of corrosion, Veawab et al. found that MEA is the most corrosive, followed by AMP and DEA, with MDEA being the least corrosive.23 The blends of these amines have corrosion rates that lie between the individual amines. Figure 2 demonstrates the corrosion rates of the hybrid absorbents.

Other than MEA, many have used AMP as a component in hybrid absorbents. In an experiment to compare the performances of DEA, MDEA and AMP for CO2 absorption by Barzagli et al.,it was discovered that AMP is the most efficient absorbent while MDEA regenerates the easiest at any concentration and temperature.28 AMP was blended with MDEA and DEA with 1:2 and 2:1 molar ratios respectively, and these blended solutions showed better absorption efficiency within the range of 7%–14% compared to single amines. Of the two blends, AMP-MDEA showed better performance than AMP-DEA due to lower efficiency of DEA carbamate. However, Thitakamol and Veawab found that the blend DEA and AMP did not exhibit foaming.24
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Figure  2:      Corrosion rates of mixed amine systems and their precursors under 3 kmol/m3 with a mixing ratio of 1:1, 80°C and CO2 saturation (Veawab et al.23).



Aroonwilas and Veawab found that under typical service conditions, the absorbents' rate of CO2 absorbance follows the order of the reaction rate constant. For the absorbents they investigated, they found the order to be: MEA>MDEA> AMP>DIPA>MDEA.4 It was also discovered that the performance of the blends of alkanolamines are between the individual alkanolamines but not necessarily linear to them. AMP-based blends also perform better compared to those of MDEA-based. For blends with MDEA as base, at low CO2 loading it was observed that the CO2 concentration profiles are similar to the profiles of the promoters (MEA and DEA). This behaviour is due to the combined kinetic/thermodynamic competition between the base and the promoter species. At low CO2 loading, the rate promoters (MEA and DEA) are dominant in reaction with CO2 as they react with it at a much higher rate than MDEA. However, when CO2 loading increases the ratio of unreacted promoter to unreacted MDEA decreases, and MDEA starts to determine the CO2 absorption rate. On the other hand, the MEA-AMP blend approaches that of MEA regardless of CO2 loading, indicating that MEA improves this blend more effectively compared to the MEA-MDEA blend. The DEA-AMP blend did not affect the performance as much, simply because the individual solutions are already comparable in the first place. Liao and Li also found that small additions of MEA to aqueous MDEA enhance CO2 absorption significantly.25

2-(2-aminoethylamino)ethanol (AEE) solution and its blends with MDEA and TEA were used by Bonenfant et al. to absorb CO2 in the presence of sulfur dioxide (SO2) to evaluate their influence on AEE's performance.30 It was found that the presence of SO2 lowers the CO2 absorption rate and loading, while additions of 5 and 10 wt% of MDEA and TEA do not visibly influence the absorption rate. In addition, MDEA slightly increases the CO2 absorption capacity of AEE while TEA decreases the absorption capacity.

3.2        Other Absorbents

So far, MEA is one of the most common absorbents used for the purpose of CO2 absorption. However, researchers deem that different absorbents for the absorption of CO2 are worth looking into. Some research done on the capability of less common absorbents to absorb CO2 are listed in Table 3. In a research by Kothandaraman, MEA was used as a base case system.33 The overall energy consumption for the CO2 capture systems with MEA, potassium carbonate (K2CO3) and chilled ammonia as absorbents were calculated. From the simulations it was discovered that CO2 generation takes up 60% of the energy consumption while the compression work accounted for about 30% of the energy consumption. Potassium carbonate is more flexible and less energy consuming compared to MEA as it lacks degradation and it has the ability to tolerate high temperatures. However, the operation would only be feasible at high pressures. The chilled ammonia system, on the other hand, requires a larger operating unit and more energy consumption would be incurred for refrigeration of ammonia and flue gas.

Several studies on the use of ammonia (NH3) as a solvent for CO2 absorption have been done, such as the one by Gonzalez-Garza et al.36 They studied NH3 as a solvent and compared its performance with traditional alkanolamine solvents. The comparative study revealed that carbon dioxide absorption is most effectively carried out by ammonia compared to MEA, DEA and MDEA, with the absorption capacity of ammonia being three times more than MEA. The appropriate temperature and concentration of aqueous ammonia for CO2 absorption according to a study done by Kim et al. are 26°C and 13 wt%, respectively.37

Aqueous potassium hydroxide (KOH) solution, a highly reactive absorbent was used by Korikov and Sirkar, who found that the experimental film estimates of the liquid film resistance is significantly higher than that estimated from the theory, perhaps due to the fast chemical reaction.38

For processes involving membrane usage, there has to be good compatibility between the membrane and the liquid absorbent, as this would play an important part in the long-term stability of the membrane. Barbe et al. explored this using water and calcium chloride (CaCl2), finding that after 72 h of contact with water, the surface of two different PP membranes both increased in several morphology parameters such as the porosity and the pore area.39 The membranes left in contact with CaCl2, on the other hand, did not experience significant change in morphology. This was attributed to the higher surface tension of CaCl2 compared to water, lowering the degree of intrusion into the membrane pores.


Table  3:      Other absorbents investigated for CO2 absorption.



	Absorbent
	Process

	Reference



	K2CO3
	Absorption column

	
Kothandaraman33

Ghosh et al.34





	
	Membrane contactor

	Chun and Lee35



	NH3
	Absorption column

	
Kothandaraman33

Gonzalez-Garza et al.36

Kim et al.37





	KOH
	Membrane contactor

	Korikov and Sirkar38



	CaCl2
	Membrane contactor

	Barbe et al.39



	PG
	Membrane contactor

	Yan et al.40



	PAMAM
	Membrane contactor

	Kosaraju et al.41



	Amino Acid Salts
	Membrane contactor

	Kumar et al.42



	Li4SiO4
	Absorption column

	Essaki et al.43



	CORAL
	Membrane contactor

	Feron and Jansen44



	Amine-A
	Absorption column

	Murai et al.45



	AHPD
	Absorption column

	Tourneux46



	SG
	Absorption column

	Zhao et al.47



	TEPA-based Polyamine
	Absorption column

	Filippis et al.48



	AEEA
	Absorption column

	Kim and Svendsen49



	Triethylamine
	Absorption column

	Bonenfant et al.50



	Pyridine
	Absorption column

	Bonenfant et al.50



	Pyrrolidine
	Absorption column

	Bonenfant et al.50



	AEE
	Absorption column

	Bonenfant et al.50



	AEPDNH2
	Absorption column

	Bonenfant et al.50



	Sarcosine
	Absorption column

	Simons et al.51



	NaOH
	Membrane contactor

	
Mansourizadeh et al.52

Xu et al.53





	DEAB
	Absorption column

	Maneeintr et al.54



	Piperazine
	Absorption column

	
Dubois and Thomas26

Aroua and Salleh55







Yan et al. also investigated an uncommon absorbent, potassium glycinate (PG), as well as MEA and MDEA using PP hollow fibre membrane to remove CO2.40 They found that PG has a lower potential of membrane wetting in a continuous operation with removal efficiency of approximately 90%, but unlike conventional absorbents, its mass transfer decreases with increasing liquid temperature. Another novel absorbent, polyamidoamine (PAMAM) dendrimer of generation 0 was used continuously in a CO2 absorption operation for 55 days in a study done by Kosaraju et al.41 PP hollow fiber membranes were used, and PAMAM, a nonvolatile amine managed to provide a stable performance with no membrane wetting.

Research has also been done on alternative, novel absorbents to replace the traditional alkanolamine solutions, such as one done by Kumar et al. in which they used a new absorption liquid based on amino acid salts in membrane contactors.42 The wetting characteristic for the new solution was studied by measuring the surface tension of the liquid and the breakthrough pressure of the liquid into the membrane pores, and it was found that the new liquid does not wet the polypropylene membrane, while having good reactivity towards CO2.

Lithium Silicate (Li4SiO4), a novel CO2 absorbent developed by Toshiba was reported by Essaki et al.43 In the experiment, 20 vol % CO2 gas was used, and the reactor achieved 100% CO2 removal at 500°C. The reaction between Li4SiO4 and CO2 is exothermic, significantly heating the reactor and gas stream, which could be used to improve the energy consumption for this process. Feron and Jansen used novel absorption liquids (CORAL) to absorb CO2 through PP hollow fibre membranes, changing several parameters and comparing the performance with other systems.44 It was apparent that these new liquids are superior in terms of stability and mass transfer.

A novel hindered amine absorbent-A which contains the amine A was evaluated based on the CO2 absorption rate, absorption capacity and heat of reaction by Murai et al.45 This novel absorbent has a higher absorption capacity, higher absorption rate and a relatively lower heat of reaction compared to 30 wt% MEA solution, which can reduce the regeneration energy. Another sterically hindered amine, 2-amino-2-hydroxymethyl-1,3-propanediol (AHPD) was used to absorb CO2 in a enzymatic process relying on type II human carbonic anhydrase in Tourneux's research.46 It was proven that the solubility of CO2 increases with higher AHPD concentration and lower temperature, and that the enzyme does not seem to have an impact on the solubility of CO2.

Sodium glycinate (SG) solution was used to absorb CO2 in a study done by Zhao et al.47 It was observed that in terms of CO2 absorption rate, SG is superior to commonly used alkanolamine solutions, and that temperature increase positively affects regeneration efficiency of the SG solution. Compared to amines such as MEA, MDEA and DEA, aliphatic polyamines are less often considered for CO2 absorption because even though they easily absorb acidic gases, they are difficult to regenerate. Tetraethylenepentamine (TEPA) was reacted with formaldehyde and phenol to produce modified polyamines by Filippis et al.48 The synthesised product had higher absorption rate and lower degradation compared to DEA, as well as having a lower heat of regeneration.

Kim and Svendsen found that 2-(Aminoethyl)ethanolamine (AEEA), a diamine, has a higher CO2 absorption capacity than MEA, even though the heats of absorption for the two solutions are similar.49 Bonenfant et al. compared various amine solutions' performances for CO2 absorption and regeneration.50 Figure 3 shows the detailed result of the experiment. The solutions used are ammonia, MEA, TEA, triethylamine, pyridine, pyrrolidine, AEE and N-(2-aminoethyl)-1,3-propanediamine (AEPDNH2). Out of the solutions tested, it was concluded that TEA, AEE and AEPDNH2 are superior in terms of CO2 loading and regeneration capacity.
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Figure  3:      CO2 Loading of various absorbents (Bonenfant et al.50).




Considering that amino acid salt solutions for CO2 removal has the potential to be better than alkanolamines due to their ionic nature and low evaporation, Simons et al. investigated sarcosine.51 The reaction rate for CO2 absorption into potassium sarcosinate was significantly higher compared to MEA. Mansourizadeh et al. and Xu et al. investigated sodium hydroxide (NaOH) in addition to the more common MEA and DEA absorbents.52,53 Mansourizadeh et al. found that for distilled water as absorbent, physical absorption occurs and the CO2 solubility is paramount to the performance while for NaOH, chemical absorption takes place, and as such, the absorbent temperature controls the process, as it affects the reaction rate.52 The latter found that of the three absorbents, MEA has the best CO2 removal efficiency.53 CO2 can be fixed into sodium carbonate and sodium bicarbonate with NaOH as the absorbent, while pure CO2 can be produced using MEA or DEA.

4-diethylamino-2-butanol (DEAB), a new amino alcohol developed by Maneeintr et al. was compared with MEA in terms of CO2 absorption performance.54 Even though the CO2 mass transfer was higher in the MEA system compared to the DEAB system, the very high solubility and easy regeneration of DEAB should be utilised by formulating a solvent that comprises of both MEA and DEAB.

3.3        Addition of Additives

Other methods to enhance absorbents have also been explored, like in the research done by Dang and Rochelle, in which the amine concentration was varied by blending in piperazine (PZ).56 They found that PZ at 24 mol% of the total amine enhances CO2 absorption rate by 50%–100%, and that the rate in MEA with 0.6 to 1.2 M PZ is 1.5–2.5 times higher than pure MEA. Lu et al. also used the activator PZ and compared the CO2 capture performance for MDEA and activated MDEA as absorbents.57 From the experiment, it was found that the performance of activated MDEA is far superior to that of MDEA, with the removal efficiency of over 99% achieved with the activated MDEA. A list of additives used to augment the performance of the absorbent is given in Table 4.

In terms of absorption performance, normally primary and secondary amines are superior, but for regeneration efficiency, tertiary amines are preferred. In an attempt to combine the advantages of these alkanolamines, Dubois and Thomas mixed both types of solvents using MEA, MDEA and PZ.26 For individual amine systems, MEA and PZ gave the best CO2 absorption rates, with PZ showing a better performance at a lower concentration. For blended solutions, the activator effect shows a positive impact on the absorption performance, especially when the activator contained PZ. In general, PZ on its own behaves in a similar fashion to other amines.55


Table  4:      Additives used to enhance absorbents for CO2 absorption.



	Additive
	Absorbent

	Process

	Reference



	Piperazine
	MEA

	Absorption column

	Dang and Rochelle56



	
	MDEA

	Membrane contactor

	
Lu et al.57

Lu et al.29





	
	MEA + MDEA

	Absorption column

	Dubois and Thomas26



	
	AMP

	Absorption column

	Sun et al.58



	
	
	Membrane contactor

	Lin et al.59



	
	Potassium carbonate

	Absorption column

	Cullinane and Rochelle60



	
	DEEA

	Absorption column

	Vaidya and Kenig61



	PZEA
	MEA

	Absorption column

	Dubois et al.62



	
	MDEA

	Absorption column

	Dubois et al.62



	
	AMP

	Absorption column

	Dubois et al.62



	Ferrofluid
	MDEA

	Absorption column

	Komati and Suresh63



	Nanoparticles
	Water

	Absorption column

	Kim et al.64



	Boric Acid
	Potassium carbonate

	Absorption column

	
Ghosh et al.34

Smith et al.65





	NaCl
	MEA

	Membrane contactor

	Rongwong et al.66



	
	DEA

	Membrane contactor

	Rongwong et al.66



	
	AMP

	Membrane contactor

	Rongwong et al.66



	Sodium Glycinate
	MEA

	Membrane contactor

	Rongwong et al.66



	
	DEA

	Membrane contactor

	Rongwong et al.66



	
	AMP

	Membrane contactor

	Rongwong et al.66



	EEA
	DEEA

	Absorption column

	Vaidya and Kenig67




 

Lu et al. also used PZ as well as AMP as activators in MDEA solution.29 Simulations and experiments were done in a hollow fibre module and the results show that the activated MDEA solutions are more efficient in capturing CO2 compared to the non-activated MDEA solution, with activator PZ having an advantage over AMP in terms of mass transfer enhancement. Sun et al. and Lin et al. also found that the addition of small amounts of PZ into aqueous AMP solution gives a significant impact on the absorption rate of CO2.58,59


PZ has been proven as an activator that can successfully increase the CO2 absorption rate, not only in amine absorbents. Cullinane and Rochelle added PZ into aqueous K2CO3 and found that the addition increases the heat of absorption as well as the CO2 absorption rate, making it comparably favourable with other commonly used amines.60 The potential of PZ as an activator in other CO2 absorption solvents was also explored by Vaidya and Kenig using the additive in N,N-Diethylethanolamine (DEEA).61 Typically, DEEA absorbs CO2 relatively slowly, being a tertiary amine, but even with a small addition of PZ into DEEA, the CO2 absorption rate significantly increased.

Another activator, (piperazinyl-1)-2-ethylamine (PZEA) was investigated by Dubois et al.62 Pure PZEA and AMP as well as a mixture of the two with other amines are investigated to compare the performances for CO2 absorption. The positive effect of the addition of PZEA in MEA, MDEA and AMP were clearly shown through the experiments, while the addition of AMP into MEA also showed interesting activation results.

Komati and Suresh, on the other hand, used a ferrofluid as an additive in MDEA.63 The addition of the surfactant-coated aqueous magnetic fluid proved to have the ability to increase the CO2 mass transfer. Another study on CO2 absorption using nanofluids was done by Kim et al. by comparing the performance of nanoparticles in water and water without nanoparticles.64 It was found that the capacity coefficient of CO2 absorption in the former is 4 times higher than the latter, attributed to the fact that the small bubble sizes in the nanofluid having big mass transfer areas and high solubility.

As alkanolamine solutions tend to undergo oxidative degradation at high temperatures, potassium carbonate became an interesting alternative due to the high CO2 chemical solubility, low solvent costs and low energy requirement for regeneration. However, the rate of absorption of CO2 into potassium carbonate is relatively slow, making the addition of activators necessary to increase the absorption rate. Instead of the more commonly used PZ, Ghosh et al. opted for boric acid as a promoter and observed that while small additions of boric acid in potassium carbonate gave a significant enhancement to CO2 absorption rates, the rate is still lower than that of amine based solvents.34 Smith et al. also agree that further optimisation on the potassium carbonate system is needed in order to compete with amine based systems, but that such a research is worthwhile considering the numerous advantages potassium carbonate system has over the amine based systems.65


In addition to MEA, DEA and AMP, Rongwong et al. added SG, which is an organic salt to MEA in order to see the performance of these solvents to absorb CO2.66 In this study, it was found that the mixture of MEA and SG has the highest CO2 flux, followed by MEA, AMP and lastly DEA. Another study done by Vaidya and Kenig revealed that N-ethylethanolamine (EEA) is also an effective activator for DEEA.67 It is expected that more research will be done on developing the best absorbent for CO2 absorption process as the absorbent plays a very significant role in the performance of the process and the energy consumption of the plant.

4.          CONCLUSION

Liquid absorbents are deemed to be the best approach for CO2 absorption. In this review, various liquids that have been used to absorb CO2 are considered. Several researches on liquid absorbents were explored and their main discoveries are highlighted. Focus was given to common alkanolamines and other less common absorbents, hybrid as well as enhanced absorbents. Most researchers found that MEA is the most effective common alkanolamine, but this absorbent requires a lot of energy for regeneration, which may make it unfeasible for the purpose. Even though AMP is not as effective in absorbing CO2, its ease of regeneration may make it a better alternative. As hybrid absorbents have the capacity to surpass individual absorbents, several researchers have combined primary or secondary amines with tertiary or sterically hindered amines, mostly with favourable results. In the future, it is expected that the use of membrane contactors for gas separation in plants will become widespread as more selective, robust membranes that are resistant to fouling are developed. Considerable research has been done to investigate and compare alternative and new absorbents to common ones. A few alternative absorbents prove to give better performance than traditional ones, but often with drawbacks in different aspects. Additives have also been used to enhance the performance of the absorbents, mostly yielding good results. The most popular additive used by researchers is piperazine, but a few others have been investigated. Further research should also be done on additives that can reduce absorbent corrosion on the equipment and allow higher amine concentrations. Given the importance of this process in the oil and gas industry, further investigations on novel and improved absorbents are justified.


5.          ACKNOWLEDGEMENTS

The authors acknowledge the research grant provided by the Universiti Sains Malaysia under the Exploratory Research Grant Scheme (Project no.: 6730110) and the Fundamental Research Grant Scheme (Project no.: 6071334).

6.          REFERENCES

1.       Littel, R. J., Versteeg, G. F. & van Swaaij, W. P. M. (1991). Physical absorption into non-aqueous solutions in a stirred cell reactor. Chem. Eng. Sci., 46, 3308–3313.

2.       Chiesa, P. & Consonni, S. P. (1999). Shift reactors and physical absorption for low-CO2 emission IGCCs. J. Eng. Gas Turbines Power, 121, 295–305, https://doi.org/10.1115/1.2817120.

3.       Bishnoi, S. & Rochelle, G. T. (2000). Absorption of carbon dioxide into aqueous piperazine: Reaction kinetics, mass transfer and solubility. Chem. Eng. Sci., 55, 5531–5543.

4.       Aroonwilas, A. & Veawab, A. (2004). Characterization and comparison of the CO2 absorption performance into single and blended alkanolamines in a packed column. Ind. Eng. Chem. Res., 43, 2228–2237, https://doi.org/10.1021/ie0306067.

5.       Rochelle, G. T. (2009). Amine scrubbing for CO2 capture. Sci., 325, 1652–1654, https://doi.org/10.1126/science.1176731.

6.       Harlick, P. J. E. & Tezel, F. H. (2004). An experimental adsorbent screening study for CO2 capture from N2. Micro. Meso. Mater., 76, 71–79, https://doi.org/10.1016/j.micromeso.2004.07.035.

7.       Chang, F. Y. et al. (2009). Adsorption of CO2 onto amine-grafted mesoporous silicas. Sep. Purif. Technol., 70, 87–95, https://doi.org/10.1016/j.seppur.2009.08.016.

8.       Powell, C. E. & Qiao, G. G. (2006). Polymeric CO2/N2 gas separation membranes for the capture carbon dioxide from power plant flue gases. J. Membr. Sci., 279, 1–49, https://doi.org/10.1016/j.memsci.2005.12.062.

9.       Yu, C. H., Huang, C. H. & Tan, C. S. (2012). A review of CO2 capture by absorption and adsorption. Aero. Air Qual. Res., 12, 745–769, https://doi.org/10.4209/aaqr.2012.05.0132.

10.     Figueroa, J. D. et al. (2007). Advances in CO2 capture technology – The U.S. Department of Energy's Carbon Sequestration Program. Int. J. Greenhouse Gas Contr., 2, 9–20, http://dx.doi.org/10.1016/S1750-5836(07)00094-1.

11.     BP America. (2005). CO2 capture project technical report DEFC26-01NT41145. National Energy Technology Laboratory.


12.     deMontigny, D., Tontiwachwuthikul, P. & Chakma, A. (2005). Comparing the absorption performance of packed columns and membrane contactors. Ind. Eng. Chem. Res., 44, 5726–5732, https://doi.org/10.1021/ie040264k.

13.     Hoff, K. A. & Svendsen, H. F. (2013). CO2 absorption with membrane contactors vs. packed absorbers – Challenges and opportunities in post combustion capture and natural gas sweetening. Energy Procedia, 37, 952–960, http://dx.doi.org/10.1016/j.egypro.2013.05.190.

14.     Pinnau, I. & Freeman, B. D. (1999). Formation and modification of polymeric membranes: Overview in membrane formation and modification. ACS Symposium Series 744, American Chemical Society, Washington DC.

15.     Kim, Y. S. & Yang, S. M. (2000). Absorption of carbon dioxide through hollow fiber membranes using various aqueous absorbents. Sep. Purif. Technol., 21, 101–109, https://doi.org/10.1016/S1383-5866(00)00195-7.

16.     Lv, Y. et al. (2008). Experimental investigation on CO2 absorption using absorbent in hollow fiber membrane contactor. International Scientific Conference on Green Energy with energy management and IT, Stockholm, 12–13 March.

17.     Kim, Y. E. et al. (2013). Comparison of carbon dioxide absorption in aqueous MEA, DEA, TEA, and AMP solutions. Bull. Korean Chem. Soc., 34, 783–787, http://dx.doi.org/10.5012/bkcs.2013.34.3.783.

18.     Wang, R., Li, D. F. & Liang, D. T. (2004). Modeling of CO2 capture by three typical amine solutions in hollow fiber membrane contactors. Chem. Eng. Process., 43, 849–856, https://doi.org/10.1016/S0255-2701(03)00105-3.

19.     McCann, N., Maeder, M. & Attalla, M. (2008). Simulation of enthalpy and capacity of CO2 absorption by aqueous amine systems. Ind. Eng. Chem. Res., 47, 2002–2009, https://doi.org/10.1021/ie070619a

20.     Zhang, P. et al. (2008). Regeneration of 2-amino-2-methyl-1-propanol used for carbon dioxide absorption. J. Environ. Sci., 20, 39–44.

21.     Lv, Y. et al. (2010). Wetting of polypropylene hollow fiber membrane contactors. J. Membr. Sci., 362, 444–452, http://dx.doi.org/10.1016/j.memsci.2010.06.067.

22.     Wang, R. et al. (2004). Impact of DEA solutions with and without CO2 loading on porous polypropylene membranes intended for use as contactors. J. Membr. Sci., 229, 147–157.

23.     Veawab, A., Tontiwachwuthikul, P. & Chakma, A. (1999). Corrosion behavior of carbon steel in the CO2 absorption process using aqueous amine solutions. Ind. Eng. Chem. Res., 38, 3917–3924, https://doi.org/10.1021/ie9901630.

24.     Thitakamol, B. & Veawab, A. (2008). Foaming behavior in CO2 absorption process using aqueous solutions of single and blended alkanolamines. Ind. Eng. Chem. Res., 47, 216–225, https://doi.org/10.1021/ie070366l.


25.     Liao, C. H. & Li, M. H. (2002). Kinetics of absorption of carbon dioxide into aqueous solutions of monoethanolamine+N-methyldiethanolamine. Chem. Eng. Sci., 21, 4569–4582, http://dx.doi.org/10.1016/S0009-2509(02)00395-0.

26.     Dubois, L. & Thomas, D. (2009). CO2 absorption into aqueous solutions of monoethanolamine, methyldiethanolamine, piperazine and their blends. Chem. Eng. Technol., 32, 710–718, https://doi.org/10.1002/ceat.200800545.

27.     Choi, W. J. et al. (2009). Removal characteristics of CO2 using aqueous MEA/AMP solutions in the absorption and regeneration process. J. Environ. Sci., 21, 907–913.

28.     Barzagli, F., Mani, F. & Peruzzini, M. (2010). Continuous cycles of CO2 absorption and amine regeneration with aqueous alkanolamines: A comparison of the efficiency between pure and blended DEA, MDEA and AMP solutions by 13C NMR spectroscopy. Energy Environ. Sci., 3, 772–779, https://doi.org/10.1039/b924889g.

29.     Lu, J. G. et al. (2007). Effects of activators on mass-transfer enhancement in a hollow fiber contactor using activated alkanolamine solutions. J. Membr. Sci., 289, 138–149, https://doi.org/10.1016/j.memsci.2006.11.042.

30.     Bonenfant, D., Mimeault, M. & Hausler, R. (2007). Estimation of the CO2 absorption capacities in aqueous 2-(2-aminoethylamino)ethanol and its blends with MDEA and TEA in the presence of SO2. Ind. Eng. Chem. Res., 46, 8968–8971, https://doi.org/10.1021/ie070778u.

31.     Yeon, S. H. et al. (2005). Application of pilot-scale membrane contactor hybrid system for removal of carbon dioxide from flue gas. J. Membr. Sci., 156–160, http://dx.doi.org/10.1016/j.memsci.2004.08.037.

32.     Rodriguez, H. et al. (2011). Absorption of carbon dioxide into aqueous solutions of alkanolamines in a wetted wall column with film promoter. Chem. Eng. Trans., 25, 51–56.

33.     Kothandaraman. (2010). Carbon dioxide capture by chemical absorption: A solvent comparison study. PhD diss., Massachusetts Institute of Technology, MA, United States.

34.     Ghosh, U. K., Kentish, S. E. & Stevens, G. W. (2009). Absorption of carbon dioxide into aqueous potassium carbonate promoted by boric acid. Energy Proced., 1, 1075–1081, http://dx.doi.org/10.1016/j.egypro.2009.01.142.

35.     Chun, M. S. & Lee, K. H. (1997). Analysis on a hydrophobic hollow-fiber membrane absorber and experimental observations of CO2 removal by enhanced absorption. Sep. Sci. Technol., 32, 2445–2466, http://dx.doi.org/10.1080/01496399708000779.

36.     Gonzalez-Garza, D., Rivera-Tinoco, R. & Bouallou, C. (2010). Comparison of ammonia, monoethanolamine, diethanolamine and methyldiethanolamine solvents to reduce CO2 greenhouse gas emissions. J. Cleaner Prod., 18, 279–284, https://doi.org/10.3303/CET0918044.


37.     Kim, Y. J. et al. (2008). Characteristics of CO2 absorption into aqueous ammonia. Sep. Sci. Technol., 43, 766–777, http://dx.doi.org/10.1080/01496390701870606.

38.     Korikov, A. P. & Sirkar, K. K. (2005). Membrane gas permeance in gas-liquid membrane contactor systems for solutions containing a highly reactive absorbent. J. Membr. Sci., 246, 27–37, https://doi.org/10.1016/j.memsci.2004.06.042.

39.     Barbe, A. M., Hogan, P. A. & Johnson, R. A. (2000). Surface morphology changes during initial usage of hydrophobic, microporous polypropylene membranes. J. Membr. Sci., 172, 149–156, http://dx.doi.org/10.1016/S0376-7388(00)00338-0.

40.     Yan, S. P. et al. (2007). Experimental study on the separation of CO2 from flue gas using hollow fiber membrane contactors without wetting. Fuel Process. Technol., 88, 501–511, https://doi.org/10.1016/j.fuproc.2006.12.007.

41.     Kosaraju, P. et al. (2005). Hollow fiber membrane contactor based CO2  absorption-stripping using novel solvents and membranes. Ind. Eng. Chem. Res., 44, 1250–1258, https://doi.org/10.1021/ie0495630.

42.     Kumar, P. S. et al. (2002). New absorption liquids for the removal of CO2 from dilute gas streams using membrane contactors. Chem. Eng. Sci., 57, 1639–1651, http://dx.doi.org/10.1016/S0009-2509(02)00041-6.

43.     Essaki, K., Kato, M. & Nakagawa, K. (2006). CO2 Removal at High Temperature using Packed Bed of Lithium Silicate Pellets. J. Ceramic Soc. Jap., 114, 739–742.

44.     Feron, P. H. M. & Jansen, A. E. (2002). CO2 separation with polyolefin membrane contactors and dedicated absorption liquids: Performances and prospects. Sep. Purif. Technol., 27, 231–242, http://dx.doi.org/10.1016/S1383-5866(01)00207-6.

45.     Murai, S. et al. (2013). Novel hindered amine absorbent for CO2 capture. Energy Proced., 37, 417–422, http://dx.doi.org/10.1016/j.egypro.2013.05.126.

46.     Tourneux, D. L. (2007). Absorption of carbon dioxide in aqueous solutions of 2-amino-2-hydroxymethyl-1,3-propanediol. Unpublished student paper, Laval University, Quebec, Canada.

47.     Zhao, W. et al. (2008). Experimental study on CO2 absorption and regeneration of aqueous sodium glycinate solutions. J. Chem. Eng. Chin. Uni., 22, 690–696.

48.     Filippis, P. D. et al. (2000). Modified polyamines for CO2 absorption, product preparation and characterization. Ind. Eng. Chem. Res., 39, 1364–1368, https://doi.org/10.1021/ie990546y.


49.     Kim, I. & Svendsen, H. F. (2007). Heat of absorption of carbon dioxide (CO2) in monoethanolamine (MEA) and 2-(aminoethyl)ethanolamine (AEEA) solutions. Ind. Eng. Chem. Res., 46, 5803–5809, https://doi.org/10.1021/ie0616489.

50.     Bonenfant, D., Mimeault, M. & Hausler, R. (2003). Determination of the structural features of distinct amines important for the absorption of CO2 and regeneration in aqueous solution. Ind. Eng. Chem. Res., 42, 3179–3184, https://doi.org/10.1021/ie020738k.

51.     Simons, K. et al. (2010). Kinetics of CO2 absorption in aqueous sarcosine salt solutions: Influence of concentration, temperature, and CO2 loading. Ind. Eng. Chem. Res., 49, 9693–9702, https://doi.org/10.1021/ie100241y.

52.     Mansourizadeh, A., Ismail, A. F. & Matsuura, T. (2010). Effect of operating conditions on the physical and chemical CO2 absorption through the PVDF hollow fiber membrane contactor. J. Membr. Sci., 353, 192–200, https://doi.org/10.1016/j.memsci.2010.02.054.

53.     Xu, Z. et al. (2001). Separation and fixation of carbon dioxide using polymeric membrane contactor. Unpublished student paper, Zhejiang University, Hangzhou, China.

54.     Maneeintr, K. et al. (2010). Comparative mass transfer performance studies of CO2 absorption into aqueous solutions of DEAB and MEA. Ind. Eng. Chem. Res., 49, 2857–2863, https://doi.org/10.1021/ie900540v.

55.     Aroua, M. K. & Salleh, R. M. (2004). Solubility of CO2 in aqueous piperazine and its modeling using the Kent-Eisenberg approach. Chem. Eng. Technol., 27, 65–70, https://doi.org/10.1002/ceat.200401852.

56.     Dang, H. & Rochelle, G. T. (2001). CO2 Absorption rate and solubility in monoethanolamine/piperazine/water. Presented at the First National Conference on Carbon Sequestration, Washington, 14–17 March.

57.     Lu, J. et al. (2005). Absorption of CO2 into aqueous solutions of methyldiethanolamine and activated methyldiethanolamine from a gas mixture in a hollow fiber contactor. Ind. Eng. Chem. Res., 44, 9230–9238, https://doi.org/10.1021/ie058023f.

58.     Sun, W. C., Yong, C. B. & Li, M. H. (2006). Kinetics of the absorption of carbon dioxide into mixed aqueous solutions of 2-amino-2-methyl-l-propanol and piperazine. Chem. Eng. Sci., 60, 503–516.

59.     Lin, S. H. et al. (2008). Absorption of carbon dioxide by the absorbent composed of piperazine and 2-amino-2-methyl-1-propanol in PVDF membrane contactor. J. Chin. Inst. Chem. Eng., 39, 13–21.

60.     Cullinane, J. T. & Rochelle, G. T. (2004). Carbon dioxide absorption with aqueous potassium carbonate promoted by piperazine. Chem. Eng. Sci., 59, 3619–3630, http://dx.doi.org/10.1016/j.ces.2004.03.029.


61.     Vaidya, P. D. & Kenig, E. Y. (2008). Acceleration of CO2 reaction with N,N-diethylathanolamine in aqueous solutions by piperazine. Ind. Eng. Chem. Res., 47, 34–38, https://doi.org/10.1021/ie070783y.

62.     Dubois, L., Mbasha, P. K. & Thomas, D. (2009). CO2 Absorption into aqueous solutions of a polyamine, a sterically hindered amine, and their blends. Chem. Eng. Technol., 33, 461–467, https://doi.org/10.1002/ceat.200900489.

63.     Komati, S. & Suresh, A. K. (2008). CO2 absorption into amine solutions: A novel strategy for intensification based on the addition of ferrofluids. J. Chem. Technol. Biotechnol., 83, 1094–1100, https://doi.org/10.1002/jctb.1871.

64.     Kim, G. W. et al. (2008). Synthesis of silica nanofluid and application to CO2 absorption. Sep. Sci. Technol., 43, 3036–3055, http://dx.doi.org/10.1080/01496390802063804.

65.     Smith, K. et al. (2009). Recent developments in solvent absorption technologies at the CO2CRC in Australia. Energy Procedia, 1, 1549–1555, http://dx.doi.org/10.1016/j.egypro.2009.01.203.

66.     Rongwong, W., Jiraratananon, R. & Atchariyawut, S. (2009). Experimental study on membrane wetting in gas-liquid membrane contacting process for CO2 absorption by single and mixed absorbents. Sep. Purif. Technol., 69, 118–125.

67.     Vaidya, P. D. & Kenig, E. Y. (2007). Absorption of CO2 into aqueous blends of alkanolamines prepared from renewable resources. Chem. Eng. Sci., 62, 7344–7350, http://dx.doi.org/10.1016/j.ces.2007.08.015.





Binding Stability of β-CD on MWCNTS: Role of Washing Cycle on the β-CD Coating

Zeinab Abbas Jawad,1* Abdul Latif Ahmad,2 Siew Chun Low,2 Eric Wong Tung Seng,1 Chek Fong Bryan Soh,1 Lavania Sugu1 and Thiam Leng Chew3

1Department of Chemical Engineering, School of Engineering and Science, Curtin University Sarawak Malaysia, CDT 250, 98009 Miri, Sarawak, Malaysia

2School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia

3Department of Chemical Engineering, Faculty of Engineering, Universiti Teknologi PETRONAS, 32610 Bandar Seri Iskandar, Perak, Malaysia

*Corresponding author: zeinab.aj@curtin.edu.my

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 February 2017

To cite this article: Jawad, Z. A. et al. (2017). Binding stability of β-CD on MWCNTS: Role of washing cycle on the β-CD coating. J. Phys. Sci., 28(Supp. 1), 145–153, https://doi.org/10.21315/jps2017.28.s1.9

To link to this article: https://doi.org/10.21315/jps2017.28.s1.9



ABSTRACT: The functionalisation of carbon nanotubes (CNTs) represents a strategy not only to improve the CNTs dispersion, solubility, and processability, but also to allow strong interfacial interactions to take place between CNTs and guest molecules. In this study, beta-cyclodextrins (β-CD) was used to functionalise the sidewalls of multi-walled CNTs (MWCNTs) for better stability. The role of washing cycles on the β-CD binding was investigated. The results indicated that the mean diameter of MWCNTs was retained at almost the same size even after three cycles of washing. This observation confirmed the strong binding between MWCNTs and β-CD.

Keywords: β-cyclodextin, multi-walled carbon nanotubes, non-covalent functionalisation, washing cycles, binding stability

1.          INTRODUCTION

Carbon nanotubes (CNTs) are inorganic disperse phases that differ substantially from other molecular sieves.1 This is because of its synthesised method from metal oxides which is also considered as the inorganic materials as well as its undissolved behaviour in the organic solvents. The CNTs are a member of the fullerene structural family, which consist of six-member carbon rings (hexagon) in a honeycomb lattice relative to the axis of the nanotubes.2 CNTs are different from others carbon materials such as graphite, diamond and fullerene owing to its one-dimensional carbon with an aspect ratio greater than 1000.3

The functionalised CNTs may exhibit enhancement in mechanical or electrical properties as compared to pristine CNTs.4 In this regard, the CNTs functionalisation is an attractive target for many scientists. Based on the principles of CNTs functionalisation, it can be classified into two approaches: covalent and non-covalent functionalisation.5

In this study, the non-covalent functionalisation was applied. It is defined as the electrostatic binding between the CNTs and molecules. It can maintain the activity between CNTs and guest molecules successfully.5 The main advantages of the non-covalent functionalisation method are its low cost, commercially available material, fast, easy to carry out, and simple up-scalability to pilot plant level with maintained structural integrity of CNTs.6 The non-covalent functionalisation can be classified based on the interaction between CNTs and guest molecules into surfactant adsorption, endohedral method, and polymer wrapping.4

In case of suspension of the CNTs in the presence of polymers, this will result in wrapping of the polymer around the CNTs forming supermolecular complexes of CNTs. Polymer wrapping is a typical example of non-covalent functionalisation that can be achieved through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.4 Based on Panhuis et al., the polymer backbone had provided a strong binding to the CNTs (123 kJ/mol) compared to the side chains (36 kJ/mol).7 Furthermore, they found it energetically more favourable for the polymer to lie along the parallel axis instead of mapping onto the chirality of the underlying tube.7

Ma et al. showed that the dispersion stability of functionalised-CNTs was better compared to pristine CNTs.8 This was due to the improvement in the abilities of the hydrogen-bonding on the CNTs surface and the CNTs surface was converted from the hydrophobic to the hydrophilic state.8

Based on Jiang et al., the best stability, accessibility, and selectivity can be achieved through covalent bonding because of its capability to control the location of the biomolecules, improved stability, accessibility, selectivity, and reduced leaching.9 Realising the important of the non-covalent functionalisation of CNTs, the aim of the present work is to investigate the binding stability of the non-covalent functionalised MWCNTs that was prepared via Chen's soft cutting method.


Here, a study was conducted to evaluate the effect of washing cycle on the binding of beta-cyclodextrins (β-CD).

2.          EXPERIMENTAL

2.1        Materials

Materials used in this study were listed in Table 1. Also, the transmission electron microscope (TEM) micrograph of Pristine-MWCNTs (MWCNTs-P) is shown in Figure 1.


Table  1:      List of materials and chemicals used.



	Chemical
	Assay

	Supplier




	Multi-walled carbon nanotubes (MWCNTs)
	> 95% (lengths ranging from 5 to 50 µm)

	Shenzhen Nanotech Port Co. Ltd, China




	Beta-cyclodextrin (β-CD)
	98.3%

	Merck, Malaysia




	Ethanol
	> 99%

	Merck, Malaysia
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Figure  1:      TEM micrograph of MWCNTs-P.



2.2        Stability of the Functionalised Mwcnts

The MWCNTs was functionalised according to previously published works.10–13 Then, the functionalised MWCNTs was washed for first, second and third time using deionised water in order to remove the excess amount of β-CD. The suspension solution was filtered using filter paper (Hangzhou Xinhua, China) with pore size of 0.2 µm. After that, the functionalised MWCNTs was dried before it further characterised using TEM.14

2.3        Characterisation

The structures and properties of the MWCNTs were obtained from the TEM Philips CM12 equipped with DOCU version 3.2 image analysis systems. Prior to TEM analysis, samples were sonicated in chloroform for 10 min and then dropped onto Cu grid of TEM holder. At least three samples were analysed to confirm the structure of MWCNTs.

The diameter distribution of the samples was measured from TEM images. It was based on the frequency count of MWCNT's diameters that were observed in these images. Approximately 40–90 measurements were taken. The average diameters and the distribution trends together with the standard errors were tabulated.

3.          RESULTS AND DISCUSSIONS

In order to investigate whether the wrapping of β-CD around MWCNTs was still maintained after a few repeated washing steps, the stability of functionalised MWCNTs was determined. In Figure 2, the functionalised MWCNTs were depicted to have a uniform coating layer of β-CD.
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Figure  2:      TEM micrographs of functionalised MWCNTs without washing at (a) 500 nm and (b) 50 nm.




In addition, it was found that the functionalised MWCNTs without carrying out any washing steps had a mean outer diameter of 33.75 ± 1.16 nm, as shown in Figure 3.
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Figure  3:      Diameter distribution for functionalised MWCNTs without washing.



After three washing cycles, the functionalised MWCNTs were shown to have retained a uniform coating structure (Figure 4(a)–(f)). Thus, this confirmed the strong binding between MWCNTs and β-CD although being washed. This finding is important because it confirmed the successful functionalisation of MWCNTs using β-CD with a strong and stable structure. This was due to the β-CD was wrapped strongly around the CNTs through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.4

In Figure 5, the diameter distributions of functionalised MWCNTs obtained after first, second, and third washing cycles were compared. For the first washing cycle, it was found that the functionalised MWCNTs had a mean outer diameter of 32.46 ± 1.35 nm (Figure 5(a)). By carrying out the washing process repeatedly on the functionalised MWCNTs for the second and third cycle, the mean diameter of MWCNTs was retained at almost the same sizes at 31.71 ± 0.76 nm and 31.61 ± 1.02 nm (Figure 5(b)–(c)), respectively. This proved the firm binding of β-CD to the MWCNTs. Eventually, the findings of the present work were in line with the literature of non-covalent functionalisation.15 Where, the wrapping of variety of polymers along the CNTs sides is robust, uniformly distributed and is not depend on the presence of excess polymer in solution.15
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Figure  4:      TEM micrographs of MWCNTs after (a,b) first, (c,d) second, and (e,f) third washing cycle.







[image: art]

Figure  5:      Diameter distribution for functionalised MWCNTs at (a) first, (b) second, and (c) third washing cycle.




4.          CONCLUSION

In the present work, the MWCNTs were successfully functionalised using β-CD through Chen's soft cutting technique. The good binding stability of β-CD was demonstrated via repeated washing cycles. The TEM results indicated that the functionalisation of MWCNTs had retained a uniform coating. This finding is important because it confirmed the successful functionalisation of MWCNTs using β-CD with a strong and stable structure. This strong binding of β-CD around the CNTs is very important to maintain the well dispersed MWCNTs within the polymer matrix of the mixed matrix membrane and enhance its separation performance later. In this case, there is no possibility to detach the β-CD from the MWCNTs due to its strong wrapping around the CNTs through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.
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ABSTRACT: Since the industrialisation of Malaysia, the energy demand which mainly relied on fossil fuels has risen continuously. Therefore, all parties including the government, academic society and communities have explored alternative fuel resources to improve the reliability and security of energy supply to meet the future energy. In recent years, biomass has been identified as one of the most promising renewable energy resources compared to hydro, solar, wind, etc. It is projected that energy crops could potentially supply around 200–400 EJ/year in Malaysia at a competitive cost by 2050. Perennial grass is one type of energy crop that could address the above mentioned challenge. In this work, Napier grass (NG) is chosen as the subject due to its desirable characteristics (availability, high growth rates, carbon neutrality and high volatility). In order to investigate the feasibility of NG for heat and power application, the thermal decomposition characteristics, reactivity, and kinetic of NG needed were tested via thermogravimetric analysis (TGA) under inert (nitrogen) and air atmosphere conditions, respectively. The results indicated that NG biomass has great potential as sustainable energy fuel source for energy generation via gasification process.

Keywords: Napier grass, thermogravimetric analysis (TGA), kinetics, oxidative atmospheres, alternative fuel


1.          INTRODUCTION

Energy consumption has risen continuously and soon Malaysia will be facing shortage of fossil fuels (primary energy supply) due to industrialisation.1 It is forecast that in 2004–2030, the gross domestic product (GDP) in Malaysia will increase to 4.6% whereas the energy demand can grow up to 216 TWh in 2030.2,3 Hence, it is inevitable that all parties (government, academic society and communities) explore new alternative fuel resources to ensure the reliability and security of energy supply for to meet the future energy demands.

Energy crop has attracted a great interest from the research community compared to others renewable energy resources (hydro, solar, wind, etc.). According to Hlavsova et al., it is expected that energy crops could potentially supply around 200–400 EJ/year at a competitive cost by 2050.4 Conto et al. asserted that perennial grasses could contribute significantly to mitigate energy insecurity as well as climate change in the near future.5 Napier grass (NG) or Pennisetum purpureum is one of the most promising perennial grasses which can produce high biomass yield (average 40 tons yield per hectare per annum) as compared to other energy grasses such as miscanthus and switchgrass.6 In addition, it follows conventional farming practice with lower establishment. Besides, it also has strong resistance to the weeds and diseases which allow NG to survive much longer. In addition, it can produce high biomass yield which equals to 100 barrels of oil energy equivalent per hectare. Furthermore, NG can be harvested up to four times per year. Note that the energy output to energy input ratio of NG is reported to be 25:1, thus it is considered the best potential energy crop for bio-energy production.7

NG is a herbaceous plant that contains a high percentage of lignocellulosic material which is suited for thermo-chemical conversion. Biomass thermo-chemical conversion is a proven technology which converts biomass to bio-fuel. Gasification is one of the thermo-chemical conversion processes that is commonly used to transform bio-fuel due to its simplicity, flexibility, efficiency and less pollutants emission.8 Substantial research on biomass gasification has been performed lately to better understand the effect of temperature, equivalence ratio, particle size, heating rate, etc. on the gasification performance. For example, Raheem et al. studied the effect of gasification temperature (700°C, 800°C and 900°C), microalgal loading (5, 10 and 20 g) and heating rate (5°C/min, 10°C/min and 20°C/min) on Chlorella vulgaris biomass.9 The maximum H2 production was found at 800°C temperature with a biomass loading of 0.5 g. Besides, no significant effect of heating rate was observed on H2 production. Xue et al. studied the effect of equivalence ratio (ER) (0.234–0.372) and bed temperature (645°C–726°C) on miscanthus x giganteus.10 No sign of agglomeration was found in the ER (0.262) and temperatures (645°C).


Besides, the higher heating value (6.27 MJ/m3) of product gas, gas yield (1.65 Nm3/kg), carbon conversion efficiency (94.81%) and hot gasification efficiency (78.76%) were determined in abovementioned operating condition. Therefore, proper understanding on the thermal degradation of biomass is very important to evaluate their potential of utilisation of biomass via gasification technology. Thermogravimetric analysis (TGA) is a well-established technique which is widely used to evaluate the performance of thermal decomposition behaviour of biomasses.11 Besides, TGA also can determine biomass composition, reaction order and kinetic constant.12 Recently, Raheem et al. performed TGA of chlorella vulgaris under N2 and air atmosphere condition with different heating rates to investigate the thermal degradation behaviour.9 Kok et al. conducted TGA of miscanthus, poplar wood and rice husk biomasses to study the combustion behaviour.13 Shen et al. performed TGA of wood samples (pine, aspens, birch and oak) under oxidative environment at different heating rates to analyse the kinetics of biomass decomposition.11 Gao et al. performed TGA of tobacco residues under nitrogen atmospheric condition with 10°C/min to determine the pyrolytic characteristics.14

The objective of present study is to investigate the thermogravimetric characteristic of the NG which was provided by Crops for the Future Research Centre (CFFRC) via TGA under an oxidative (air) and inert (N2) atmospheres with different heating rates (5°C/min, 10°C/min and 20°C/min). N2 is an inert gas which offers an inert environment and commonly acts as a heating agent for pyrolytic reaction. It does not reactively promote the reaction. In contrast, air atmosphere provokes gasification reaction due to presence of oxygen. Therefore, TG-DTG curves obtained could provide better understanding of the dissimilarities in the NG biomass characteristics with regard to the heating behaviour and the rate of mass loss under N2 and air atmosphere with different heating rate. Furthermore, thermogram interpretation and kinetic analysis on the biomass characteristic are indispensable to delve into the thermochemical conversion efficiency for bioenergy production purpose.

2.          EXPERIMENTAL

The mature NG was obtained from the plantation site at CFFRC, Semenyih, Selangor, Malaysia. The biomass was dried at 105°C by an oven based on BS EN 12048 standard. The dried NG biomass was then shredded into particle sizes of 0.2 and 2 mm via Retsch rotor beater mill and kept in air tight plastic bags for ultimate and proximate analysis.

Thermogravimetric analyser (TGA/SDTA851, Mettler Toledo, USA) was used to study the non-isothermal gasification and pyrolysis of NG biomass. 20 mg of dried biomass powder was placed in an alumina crucible and put into the TGA furnace. The NG sample was continuously heated from ambient temperature to 1,000°C under N2 and air atmosphere conditions at three different heating rates (5°C/min, 10°C/min and 20°C/min). The volume flow of N2 and air was 25 mL/min. The proximate analysis (i.e., moisture, volatile matter, fixed carbon and ash content) of NG biomass were established by means of a TGA analysis.

LECO TruSpec CHNS628 elemental analyser was used to determine the ultimate analysis based on ASTM D-5291 method. Higher Heating Value (HHV) of NG biomass was determined via Parr 6100 oxygen bomb calorimeter following BS EN 14918. The structural analysis of NG was determined according to the procedure outlined in NREL/TP-510-42618.7

2.1        Kinetic Study of NG Biomass

Kinetic analysis provides a better understanding about the reaction mechanism and rate of reaction. The model free fitting method such as Kissinger-Akahira-Sunose (KAS) has gained a great attention to get accurate results of pyrolysis and gasification kinetic analysis (pre-exponential factor (Ko) and activation energy (Ea)).15 Additionally, the method has a capability to determine kinetic parameters exclusive of computing Ea for each conversion value.16 Currently, model free fitting method has been extensively used to examine the thermal degradation of various types of biomasses such as ramie residue,17 sawdust,17 cotton,17 poplar wood18 and chlorella vulgaris.9

Thus, a series of non-isothermal experiments were carried out using model free fitting approach, where the weight of NG biomass samples was quantified as a function of temperature. Arrhenius equation is employed to determine the rate constant A with respect to temperature T, as given below:9,19
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where, Ao is pre-exponential factor (1/min), Ea is activation energy (kJ/mol), R is 8.314 (K/J/mol) and T is the temperature.

Non-isothermal route can be categorised using constant heating rate (β). Therefore, the relationship between T and β of the NG biomass can be written as:
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where, Ti is the initial temperature and T is the reaction zone temperature.20,21


Thus, the Ea was calculated from Kissinger-Akahira-Sunose (KAS) method based on following equations:19
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where, Tp is the peak zone degradation temperature of NG sample and the β can be stated as:

[image: art]

Therefore, Ea at distinctive zones from TG-DTG thermogram can be determined by plotting [image: art].

3.          RESULTS AND DISCUSSION

3.1        Proximate Analysis

The characterisation of NG biomass as a potential energy source has been taken into consideration in the current study. Table 1 shows the proximate analysis of NG biomass at different heating rates using dissimilar atmospheres. In this study, three different heating rates are used, which are 5°C/min, 10°C/min and 20°C/min (not replicated) to reach targeted temperature of 1,000°C under air and N2 atmospheres. Since the trend at all heating rates was almost same with different atmospheric conditions, respectively, the results acquired at 10°C/min were taken into consideration for further explanation. However, the variations of 5°C/min and 20°C/min heating rate can be observed from Table 1.

Figure 1 illustrates the proximate analysis variations due to different in atmospheres (N2 and air) at 10°C/min heating rate. NG biomass in air atmosphere provided marginally higher moisture content of 8.78% compared to the biomass in N2 atmosphere (7.73%). The higher moisture contents in air atmosphere is due to the presence of oxygen in air which promotes biomass devolatilisation.9 Biomass moisture content varies considerably depending on the type of feedstock and its storage or handling. The presence of moisture content in the biomass is of great significance in order to select the biomass conversion technology. The fuel from biomass with lower moisture content is more appropriate for thermochemical conversion technology, whereas those with higher moisture content are suitable for biochemical conversion technology such as fermentation.22 In addition, according to Sheth and Babu, high moisture content of biomass tends to decrease the gasification performances as higher energy input is required during the drying process.23 Thus, the NG biomass with moisture content of 8.78% appears to be a potential candidate for direct thermochemical conversion.


Table  1:      Proximate analysis of NG biomass under air and nitrogen atmospheres and varying heating rates.

[image: art]

HR: Heating rate; M: Moisture content; V: Volatile matters; FC: Fixed carbon; A: ash
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Figure  1:      Proximate analysis of NG biomass in air (a) and N2 (b) atmospheres under 10°C/min at a constant flow rate 25 mL/min by TGA analyser.




A similar trend for volatile matter content of NG biomass was noticed higher (81.49%) in air atmosphere compared to nitrogen atmosphere (62.70%). The high volatile matter in NG biomass strongly influences its combustion behaviour and thermal decomposition. Demirbas stated that high volatile matter content in biomass signifies high volatility and reactivity, which is essential for synthesis gas production.24 In contrast, the lower fixed carbon was found to be (3.54%) in air atmosphere compared to the N2 atmosphere (9.69%).

Moreover, ash content of roughly three times higher quantity was acquired under nitrogen as compared to air atmosphere. Ash content of biomass influences both the handling and managing costs of total biomass energy conversion. Additionally, the higher ash content in N2 atmosphere compared to air is noteworthy as it has negative effect on the heating value of biomass.25

From Table 1, it can be seen that the NG sample (air atmosphere) has low moisture content, high percentages of volatile matter, lower amount of fixed carbon followed by ash content as compared to other energy grasses, napier grass and cardoon in literature.26,27,28 Figure 1 shows that biomass cellular water removal, devolatilisation of volatile matter and fixed carbon followed ash content appeared at temperatures of 25°C–130°C, 130°C–470°C and 470°C–840°C in the existence of air, while a decelerating mass loss was seen in the N2 atmosphere under temperatures 23°C–135°C, 135°C–480°C and 480°C–850°C for water removal, devolatilisation of volatile matter and fixed carbon. The presence of oxygen in the air promotes biomass devolatilisation, thus higher volatile matters achieved compared to N2 atmosphere.

3.2        Ultimate Analysis

The result of the ultimate analyses of NG is shown in Table 2. The ultimate analysis of NG showed percentages of oxygen (48.52%), carbon (45.10%), hydrogen (6.50%), nitrogen (0.45%), and sulphur content (0.00%). According to C-atom, the molecular formula of NG biomass was determined to be CH1.58O0.81 based on abovementioned result (e.g., main elements C, H and O). These results were found to be comparable to other energy grasses in literature such as NG,26 cardoon28 and Miscanthus.28 On the other hand, in comparison to NG26 and cardoon,28 NG (this study) has the highest oxygen and lowest carbon contents. This has a significant negative effect on the HHV of biomass due to the carbon-oxygen bonds.29 The HHV of NG (16.73 MJ/kg) was higher than cardoon28 and slightly lower than cardoon22 and Miscanthus.23 Although the NG has moderate HHV, it still can be a potential alternative feedstock for energy generation based on its desirable characteristics such as high volatile matter and high biomass yield production.


Table  2:      Comparison of ultimate analysis results with other perennial energy crops in literature.



	Composition (%)
	NG

	NG26

	Cardoon27

	Cardoon28

	Miscanthus28




	C
	45.10

	42.40

	56.01

	44.10

	49.70




	H
	5.94

	5.96

	6.46

	4.80

	4.40




	N
	0.45

	1.71

	0.99

	2.00

	0.20




	S
	–

	0.09

	0.22

	0.20

	–




	O (by difference)
	48.52

	45.32

	36.10

	31.50

	41.30




	HHV (MJ/kg)
	16.73

	NA

	17.33

	14.70

	17.20





NA: Not available

3.3        Thermal Decomposition Characteristics

TGA weight-loss curve and DTG analysis curves of NG samples under different heating rates (5°C/min, 10°C/min and 20°C/min) and atmosphere condition (N2 and air) are shown in Figure 2. According to the shape of TG-DTG curves, a similar trend was found under air and N2 atmospheres for different heating rates. Thus, only the 10°C/min heating rate was used to discuss thermal decomposition of NG sample under both atmospheres (N2 and air). First, at temperature below 90°C in initial stage for both atmospheres, a low peak intensity was observed in all the DTG curves and this might represent the moisture removal. Furthermore, only a slightly weight loss of approximately of 4.28% (air) and 4.43% (N2) were obtained in this stage. Three main stages, hemi-cellulose (zone I), cellulose (zone II) and lignin (zone III) regions of decomposition could be distinguished in Figure 2. As shown in Table 3, two noticeable DTG peaks were obtained with remarkable weight loss which were about 38% and 74% of weight loss in zone I and II at temperature of 254.83°C and 405.67°C, respectively in air atmosphere. This weight loss could be due to the devolatilisation of light and heavy volatile compounds in the sample.

However, only one sharper DTG peak occurred in zone I and was about 47% of weight loss at temperature of 319°C in N2 atmospheres. This could be explained that oxygen in air enhances biomass devolatilisation. According to Lapuerta et al.,30 this stage represents the decomposition hemicelluloses and cellulose. Demirbas and Arin25 stated that hemicelluloses usually starts to decompose at a lower temperature, while cellulose starts to decompose at a high temperature. Moreover, it was further observed that in zone III in air atmosphere, the TGA curves started to flatten slowly after temperature 570°C. In contrast, in the tailing section of TGA in N2 atmosphere, it began to flatten slowly after 637°C. This phenomenon can be explained that, after first two stages, the NG sample maintained some carbon, mental ions, tar, etc., which were stable and not easily decomposed.14 In addition, the lignin has good resistance to thermal degradation and is harder to decompose than cellulose since lignin contains benzene rings.31
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Figure  2:      TG-DTG profile of NG biomass at different heating rates under air (a, c, e) and nitrogen (b, d, f).




Furthermore, as shown in Figure 2 and Table 3, the effect of heating rates on the thermal decomposition rate can be observed. Both TGA and DTG curves slightly shifted to higher temperature as the heating rates increased. The initial temperature Ti, the first DTG peak temperature (T1) and the second DTG peak temperature (T2) increased as the heating rates increased in the air and N2 atmospheres. For the air atmosphere, Ti increased from 61.82°C to 87°C, T1 increased from 254.42°C to 256°C, and T2 increased from 401.83°C to 402.87°C as the heating rate increased. For the N2 atmosphere, Ti increased from 59.25°C to 85°C, and T1 increased from 308.33°C to 328.33°C as heating rate increased. Mohammed et al. and Li et al. have found similar results for oil palm empty fruit bunches gasification and corn straw pyrolysis, respectively.32,33 Higher heating rate could shorten the reaction time in the same temperature region, thus the sample required higher temperature to decompose.32 This phenomenon was revealed with the DTG peak curve slightly shifting to the right.


Table  3:      Reaction regions and peak of NG samples at different heating rates.
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Ti: Initial temperature (moisture removal); T1: Temperature of the second peak of the DTG curve; T2: Temperature of the third peak of the DTG curve; Wi: Weight loss in the moisture removal region; W1: Weight loss in the first peak of the DTG curve; W2: Weight loss in the second peak of the DTG curve.

Kinetic Analysis

The TG-DTG experimental data of gasification process was incorporated to the model free fitting method for analysing the distinct constituents of feedstock as distinguished in the DTG profile in Figure 2. In the study, the activation energy (Ea) and pre-exponential factor (Ko) values were verified through the KAS method by charting ln β/T2P Vs. 103/Tp, which makes a straight line as shown in Figure 3. The three zone temperatures corresponding to the distinctive heating rates and kinetic parameters such as activation energy, pre-exponential factor, slope and intercept are shown in Table 4. The zones represent decomposition of extractives, hemicellulose, cellulose and lignin.7


The correlation co-efficients (R2) obtained were 1 (zone I), 0.96 (zone II) and 0.97 (zone III), which justify the model accuracy and data. Figure 3 shows the –Ea/R (slope) values from the zone I, zone II, and zone III which were –4.927, –8.644, and –12.865, respectively. With the gas coefficient R = 8.314 J/K/mol, the estimated Ea values were 40.96, 71.87 and 106 kJ/mol. The degree of weight loss during the gasification process is dependent on its compositional structure such as hemicellulose, cellulose and lignin and the required Ea may vary with temperature and heating rate.34,35

The obtained activation energy values in the present study are compared with other perennial energy crops in literature in Table 5.28 The activation energy values from the present study were lower than miscanthus and higher than C. vulgaris and cardoon. In general, it is difficult to compare activation energy of biomass due to different operating condition such as heating rate and type of flow medium, biomass characteristics as well as different kinetic methods.13 Thus, in order to better understand about the activation energy with other biomasses, the same kinetic model applied in study should be chosen.
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Figure  3:      Kissinger plot of activation energy in the air atmosphere for I, II, and III decomposition zone temperatures at three heating rates (5°C/min, 10°C/min and 20°C/min).




Table  4:      Activation energy of NG biomass calculated from TG-DTG for three varied heating rates.
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Table  5:      Comparison of kinetic parameters at various operating conditions for different perennial energy crops.
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A: Ambient temperature

4.          CONCLUSION

The thermal decomposition characteristics, reactivity and kinetic of NG was characterised by TGA under inert (N2) and air atmosphere conditions, respectively. Proximate and ultimate analyses revealed that the NG biomass has moderate HHV, low moisture content, high volatile matter contents and lower nitrogen and sulphur contents. In addition, NG can also produce high biomass yield per annum. The activation energy values, based on the Kissinger method, were evaluated to be 40.96 kJ/mol (zone 1), 71.87 kJ/mol (zone 2) and 106.95 kJ/mol (zone 3) which is higher than C. vulgaris and cardoon. Thus, based on abovementioned, NG biomass can be a more promising candidate for syngas production via gasification technology.
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ABSTRACT: A large amount of lignocellulosic waste biomass such as oil palm empty fruit bunch (OPEFB) is produced annually. Enzymes that are responsible for the degradation of lignocellulosic waste play a crucial role in converting the biomass into fermentable sugars and bio products. The aims of this work are to determine the ability of Trichoderma virens UKM1 to produce cellulases and xylanase using OPEFB as substrate in shake-flask fermentation system and to evaluate the potential of these enzymes for OPEFB saccharification. The highest enzyme activities recorded from T. virens UKM1 when 1% OPEFB used as the substrate were 0.79 U/mL for total cellulase (FPase), 53.22 U/mL for endoglucanase (CMCase), 6.5 U/mL for exoglucanase, 0.97 U/mL for β-glucosidase and 254.12 U/mL for xylanase. FPase, CMCase and exoglucanase exhibited their maximum activities at day two incubation, while xylanase and β-glucosidase activities were the highest at day six and seven, respectively. The enzymes obtained from this fungus were then used to hydrolyse OPEFB. The highest glucose production of 1.1 g/L was achieved when 5% OPEFB (w/v) was hydrolysed with 20 FPU enzyme units and with the addition of β-glucosidase (4 U/g OPEFB) for 24 h. These findings suggest that T. virens UKM1 is a potential cellulase producer for saccharification of OPEFB into simple sugars. In addition, OPEFB can be used as a cheap substrate for the production of hydrolytic enzymes from T. virens UKM1.

Keywords: Cellulase, oil palm empty fruit bunch, Trichoderma virens, saccharification, fermentable sugars

1.          INTRODUCTION

The lignocellulosic biomass feedstock is the most abundant renewable source in the world.1,2 Lignocellulosic biomass is a renewable organic matter which includes energy crops, agricultural residues, aquatic plants, forest residues and wood residues as well as other waste materials.3 Utilisation of these waste by-products could solve disposal problem and reduce the cost of waste treatment.4 To date, lignocellulosic biomass has been explored extensively as the source of fermentable sugars for bio-ethanol and fine chemicals production. However, lignocellulosic biomass has a complicated composition and its structure makes it resistant to chemical and biological hydrolysis.5 It consists of three major components which are cellulose, hemicellulose and lignin fraction. Cellulose, the most abundant carbohydrate exists in a lignocellulosic material, is a polymer of β-(1,4)-D-glucose.

Hemicellulose consists of multiple polymers such as pentose sugars (xylose and arabinose), hexose sugars (mannose and galactose), and sugar acid such as glucuronic acid and galacturonic acid.6,7 Intermolecular interactions between the three major components in lignocellulosic biomass, determine the lignocellulosic biomass recalcitrant. Crystalline structure of cellulose microfibrils in the cell wall makes it resistant to chemical and biological hydrolysis. Besides that, the coverage of cellulose microfibrils by hemicelluloses and lignin also make it difficult for catalytic enzymes to access to cellulose microfibrils.5,8 Therefore, conversion of lignocellulose to fermentable sugars requires two major steps: (1) physical or chemical pretreatment of lignocellulosic material to enhance its conversion by removing or reducing crystalline structure of cellulose and removing lignin; and (2) saccharification of lignocelluloses by means of enzymatic or chemical saccharification to produce sugars such as glucose and xylose.9,10

Oil palm empty fruit bunch (OPEFB) fibre is a lignocellulosic biomass, generated as a by-product of the oil palm industry. As one of the main oil palm exporters, Malaysia generates approximately 90 million tonnes of oil palm annually. Roughly 15–18 million tonnes of OPEFB were generated annually.11,12 OPEFB is the solid residue obtained after stripping oil palm fruit from the oil palm bunch. Average yield of OPEFB fibre is about 400 g per bunch.13 This biomass is usually burned in incinerators by palm oil mills, which generate serious environmental concerns causing the authorities to formulate tight regulatory controls to curb air pollution from such activities.14 OPEFB also has been used as compost material to nourish oil palm plantation soil.15 Based on dry weight, OPEFB contains approximately 63% cellulose, 28% hemicellulose and 17.8% lignin.16 This high cellulose content could be tapped to produce valuable products such as simple sugar as chemical feedstock and biofuel. The ideal lignocellulosic substrate for saccharification should be cheap, easy to handle and process, available in high amounts and its composition should be suited for both hydrolysis and production of cellulolytic enzyme.17

It is known that the cellulase complex secreted by filamentous fungi is formed by three major enzyme components: endoglucanases, exoglucanase (or cellobiohydrolases, CBH) and β-glucosidases. Cellulases are relatively slow-acting enzymes, primarily because of the complex, insoluble, and the semicrystalline nature of their substrate.18 In addition, the maximal cellulase activity requires multiple, related enzymes such as endoglucanases, exoglucanases and β-glucosidases to act synergistically for complete conversion of cellulose into glucose.19 Endoglucanases hydrolyse cellulose chains internally, providing new chain ends for exoglucanases. Exoglucanases hydrolyse the cellulose progressively from the ends to create mainly cellobiose. Fungal exoglucanase such as CBHII and CBHI split cellobiose from non-reducing ends and reducing ends of cellulose chains, respectively. The complementary activities of endoglucanases and exoglucanases lead to synergistic effects, whereby the enzymatic activity of two or several enzymes is higher than the sum of the activities of the individual enzymes.20 β-glucosidase converts cellobiose and cellooligosaccharides to glucose.21 Besides the cellulases, hemicellulases are also important enzyme in lignocellulose hydrolysis as the presence of hemicellulose can restrict the hydrolysis of the cellulose. The hemicellulases, such as xylanases, assist cellulose hydrolysis through removal of the non-cellulosic polysaccharides that coat the cellulose fibers.7 Xylanase is responsible to hydrolyse the linear polysaccharide of xylan into xylose.17

Filamentous fungus Trichoderma virens (synonym Gliocladium virens) has been identified as a potential cellulase producer for bioconversion processes, but its cellulose degrading enzymes potential in saccharification have not been investigated in detail, as compared to other Trichoderma species such as T. reesei.22 However T. virens is known to produce endoglucanase, exoglucanase and β-glucosidase extracellularly and has good xylanase and β-glucosidase activity.23 The objectives of the present work are to investigate the possibility of using OPEFB fibres as substrate for production of cellulase by T. virens UKM1 in shake-flask cultures, and to evaluate the potential of these enzymes in the saccharification of OPEFB fibres.

2.          EXPERIMENTAL

2.1        Microorganism

Trichoderma virens UKM1 used in this study was obtained from the fungal stock collection of Molecular Mycology Laboratory, Universiti Kebangsaan Malaysia, Bangi, Malaysia. The fungus was cultured on Potato Dextrose Agar (PDA, Oxoid Ltd., UK) for 4–7 days at 30°C, and kept at 4°C refrigerator when not in use for up to 1 month. It was routinely maintained on the PDA on a monthly basis.

2.2        OPEFB Preparation

Raw OPEFB fibre was obtained from the Malaysian Palm Oil Board (MPOB). It was first pretreated by soaking in 5% (w/w) sodium hydroxide (NaOH) and later underwent thermomechanical pulping. Then, it was washed to eliminate any NaOH residue, and dried completely. Dried OPEFB were ground to 0.25 mm particles using a universal cutting mill, Pulverisette 19 (Fritsch, Germany).

2.3        Fungal Biomass Production

The medium used for biomass production of T. virens UKM1 was prepared as described by Domingues et al.24 The medium contains 15 g/L KH2PO4, 5 g/L (NH4)2SO4, 1.23 g/L MgSO4.7H2O, 0.8 g/L CaCl2.2H2O, 0.1% (v/v) Tween 80 and 30 g/L of glucose as carbon source. Trace elements were added according to the following concentration: 0.1% (v/v) trace element solution I (MnSO4, 1.6 g/L; ZnSO4.7H20, 3.45 g/l; CoC12.6H20, 2.0 g/l) and 0.1% (v/v) trace element solution II (FeSO4.7H20, 5 g/L). The media were sterilised by autoclaving at 121°C for 15 min. An approximately 106 spores/mL from 7 days old mycelium cultured on PDA plate was inoculated to 50 mL biomass production medium. The culture was incubated in an orbital shaking incubator at 28°C and shaken at 150 rpm for 48 h before transferring to the cellulase production medium.

2.4        Cellulase Production

The production of cellulase was carried out in 250 mL Erlenmeyer shake-flask, each having 45 mL induction medium containing 15 g/L KH2PO4, 5 g/L (NH4)2SO4, 1.23 g/L MgSO4.7H2O, 0.8 g/L CaCl2.2H2O, 0.1% (v/v) and Tween 80 supplemented with a trace elements solutions: 0.1% (v/v) trace element solution I (MnSO4, 1.6 g/L; ZnSO4.7H20, 3.45 g/L; CoC12.6H20, 2.0 g/L) and 0.1% (v/v) trace element solution II (FeSO4.7H20, 5 g/L). OPEFB at a final concentration of 1% (w/v) was added to the medium as the main carbon source. The medium was inoculated with 5 mL mycelium suspension grown in biomass medium, incubated at 28°C and shaken at 150 rpm for 7 days. At periodical intervals (24 h), the culture medium was collected by centrifugation at 4,000 rpm at 4°C for 10 min and the supernatant was further concentrated using Vivaspin with 10 kDa molecular weight cut-off (Sartorius, Germany) until the volume reached 1 mL. The supernatant was tested for cellulase and xylanase activities. Results were presented as an average of two independents biological experiments, with each test were performed in triplicate.

2.5        Cellulase Characterisation

2.5.1        Filter paper assay

Filter paper assay (FPA) was performed as described by Xiao et al.25 One unit of filter paper (FPU) is described as the amount of enzyme that forms 1 µmole of glucose per min during the hydrolysis reaction.

2.5.2        Endoglucanase assay

The assay was performed using 1% carboxymethyl cellulose (CMC) suspended in sodium acetate (NaOAc) buffer, pH 4.0. Reducing sugar liberated was measured using a 3,5-dinitrosalicylic acid (DNS) colorimetric assay method.26 One unit of endoglucanase activity was defined as 1 µmole reducing sugar (as glucose equivalent) produced under specific assay condition.

2.5.3        Exoglucanase (Cellobiohydrolase) assay

Assay was performed using 1% (w/v) pure cellulose, Avicel (Sigma-Aldrich, USA) as substrate, suspended in 50 mM NaOAc buffer, pH 5.0. This was done at 50°C for 60 min. Reducing sugar liberated was measured using the DNS colorimetric assay method (Ramirez et al. 2004).26 One unit of exoglucanase activity was described as 1 µmol reducing sugar (as glucose equivalent) produced under assay condition.

2.5.4        β-glucosidase assay

The assay was performed using 2 mM cellobiose as a substrate, suspended in 50 mM NaOAc buffer, pH 5.0. This assay was done at 50°C for 30 min. Glucose was measured using GOD-PAP assay kit (Roche, Germany). One unit β-glucosidase activity was defined as 2 µmol glucose under specific assay condition.

2.5.5        Xylanase assay

The assay was performed using 1% (w/v) xylan from beechwood (Sigma, USA) as substrate, suspended in 50 mM NaOAc buffer, pH 5.0. This was done at 50°C for 30 min. Xylose liberated was measured using DNS colorimetric assay method.26 One unit of xylanase activity was described as 1 µmol of xylose produced under assay condition.

2.6        Saccharification of OPEFB

OPEFB saccharification was performed using 5% (w/v) pretreated OPEFB as substrate with different T. virens UKM1 crude cellulase loadings with and without commercial β-glucosidase (Novozyme 188, Novozymes A/S, Denmark). The following cellulase formulations were used: 6.7 FPU/g OPEFB, 6.7 FPU/g OPEFB + 1 U/g OPEFB of β-glucosidase and 20 FPU/g OPEFB + 4 U/g OPEFB of β-glucosidase. As a comparison to T. virens UKM1 cellulase performance in OPEFB saccharification, commercial cellulase, CelluclastTM (Novozymes A/S, Denmark) was also used with the same enzyme loading. Saccharification was carried out for 24 h at 50°C in NaOAc buffer (50 mM, pH 5.0) with rotary speed of 150 rpm. Reducing sugar produced was measured with DNS reagent and glucose production was measured with GOD-PAP assay kit (Roche, Germany). The yield of enzymatic hydrolysis was calculated as follows:
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3.          RESULTS AND DISCUSSION

3.1        Characterisation of T. virens UKM1 Cellulases

Cellulase production of T. virens UKM1, which was isolated from soil, was characterised by cultivation in cellulase induction medium supplemented with 1% (w/v) pretreated OPEFB as the sole carbon source. The results of cellulase production by T. virens UKM1 was presented in Table 1. The highest activity of filter paper was recorded at day 2 with a value of 0.79 ± 0.16 FPU/mL. The highest activity for exoglucanase and endoglucanase was recorded at day 2, with values at 6.50 ± 0.11 U/mL and 53.22 ± 5.13 U/mL, respectively. Both exoglucanase and endoglucanase activity profiles were correlated to FPA profile, as FPA measures total cellulase activity.27


Table  1:      Cellulase and xylanase activities obtained at different incubation time from T. virens UKM1 grown in 50 mL minimal medium incubated at 28°C with shaking of 150 rpm. Data shown were determined in triplicate using two parallel cultures.



	Incubation time (day)

	Enzyme activity (U/mL)




	FPU

	CMcase

	Cellobiohydrolase

	β-glucosidase

	Xylanase




	1

	0.51 ± 0.13

	45.67 ± 9.83

	5.21 ± 0.03

	0.28 ± 0.06

	250.17 ± 16.73




	2

	0.79 ± 0.16

	53.22 ± 5.13

	6.50 ± 0.11

	0.46 ± 0.05

	240.97 ± 34.87




	3

	0.50 ± 0.06

	40.05 ± 5.35

	4.32 ± 0.09

	0.60 ± 0.08

	221.08 ± 22.55




	4

	0.37 ± 0.13

	39.11 ± 2.86

	3.75 ± 0.17

	0.78 ± 0.13

	213.03 ± 02.79




	5

	0.41 ± 0.01

	40.24 ± 6.53

	3.34 ± 0.39

	0.88 ± 0.04

	194.62 ± 20.92




	6

	0.40 ± 0.08

	39.40 ± 5.35

	3.38 ± 0.05

	0.80 ± 0.19

	254.12 ± 22.32




	7

	0.39 ± 0.01

	43.29 ± 1.30

	3.09 ± 0.5

	0.97 ± 0.05

	230.62 ± 35.10





 

Endoglucanase activity of T. virens UKM1 was comparable to those of Aspergillus terreus (50.33 U/mL)28 with the same carbon source, albeit under different pretreatment. High endoglucanase activity could be attributed to mixture of β-glucan enzymes present in the crude cellulase preparation; as substrate for endoglucanase activity, CMC can be degraded by these enzymes.29 Decrease in cellulase activity over time might be due to the accumulative effect of oligosaccharides especially cellobiose, a dimer of glucose which is known to inhibit both endoglucanase and exoglucanase.

The highest level of β-glucosidase was 0.97 ± 0.05 U/mL at day 7. The activity showed an increased pattern, suggesting that cellobiose and cellooligosaccharides were presented or accumulated as OPEFB hydrolysis products of exoglucanase and endoglucanase activity in the cultivation medium. The activity is considerably low compared to other genera. Kim and Kim30 reported that Penicillum verruculosum has an activity of 1.5 U/mL, while Umikalsom et al.13 reported that Chatemonium globosum contains high level of β-glucosidase at 7.6 U/mL, and A. terreus reportedly has 6.1 U/mL.28 However, Trichoderma sp. is generally not known to secrete high amount of β-glucosidase compared to Aspergillus sp. and Penicillum sp.31

Xylanase yield from T. virens UKM1 was considerably higher, with the highest activity recorded at 254.12 ± 22.32 U/mL on day six. OPEFB used in this experiment may contain high amount of xylan, as the higher amount of xylan present, the higher xylanase activity will be recorded. However, even in the absence of xylan, low constitutive xylanase production could be observed.17 Xylan is the main form of hemicelluloses present in plant cell walls. The structures vary from linear β-1,4-polyxylose main chains to highly branched polysaccharides containing acetyl, arabinosyl and glucuronosyl.32

T. virens UKM1 secreted a significant amount of cellulases into the culture medium containing pretreated OPEFB. Therefore, this fungus has potential to be used in OPEFB degradation. Cellulases of T. virens UKM1 were compared to cellulases of G. virens (synonym of T. virens) that was cultivated using wheat straw as sole carbon source. At 0.79 ± 0.16 FPU/mL, the filter paper activity of T. virens UKM1 in this study showed better activity compared to 0.33 FPU/mL by G. virens.23 It proves that lignocellulose composition in OPEFB is more suitable to induce cellulase system in T. virens. The major factor governing cellulase productivity and yield is undoubtedly the type of lignocellulose used as a carbon source.13,33 This could be influenced by structural and component complexity of lignocellulosic material itself.13

Cellulase production by T. virens UKM1 using pretreated OPEFB fibers as substrate may be improved through medium and cultural conditions optimisation, and use of different modes of fermenter operation. For example, using bioreactor could increase the production of cellulase, probably due to several related factors, for example, mixing and aeration effects which are absent in the shake-flask method.14

3.2        Saccharification of Pretreated OPEFB

To enhance the saccharification processes, OPEFB was first subjected to both physical and chemical treatments. Alkaline pretreatment with 5% NaOH solution was chosen as it leads to the irreversible mercerisation effect which increases the amount of amorphous cellulose at the expense of crystalline cellulose.33 Alkaline pretreatment also tends to preserve hemicelluloses chain and is more effective for lignin removal.6,34 High xylanase activity displayed by T. virens indicates that the alkaline treatment is mild enough, as hemicellulose is the first component to be disrupted in chemical treatment.6 This is important as to increase the yield of fermentable hexose and pentose sugars by hydrolysis of both cellulose and hemicellulose chains. Physical treatment involving milling the OPEFB to a smaller size (0.25 mm) could increase the surface area for enzymatic attack. Increased cellulase production did not solely depend on the amount of cellulose in the medium, but might also depend on other factors such as pore size, surface area, and cellulose crystallinity.35


Table 2 shows the influence of the enzyme loading and the addition of β-glucosidase on the saccharification of pretreated OPEFB. To compare the performance of the T. virens enzymes, a commercial cellulase enzyme, the CelluclastTM was used to hydrolyse OFEFB. To further increase enzymatic hydrolysis yield, higher concentrations of cellulase and β-glucosidase were used and the production of reducing sugars was increased from 2.22 g/L to 3.45 g/L. Based on this result, increased cellulase loading leads to higher glucose recovery. But above a certain threshold, cellulase concentration might have lesser effects on cellulose hydrolysis compared to time effect.36 The result in Table 2 also showed that addition of β-glucosidase (Novozyme 188) is necessary to relieve feedback inhibiton of cellobiose and other cellooligosaccharides in both T. virens cellulases and CelluclastTM. This suggests that even though T. virens enzyme preparation already contains native β-glucosidase, it is not enough to relieve cellooligosaccharides inhibition. In addition, the result obtained in Table 2 also suggests the performance of T. virens cellulase is at par or slightly better than the commercial enzyme, CelluclastTM.


Table  2:      Concentration of reducing sugar at different enzyme loading on OPEFB saccharification.



	Enzyme
	6.7 FPU/g OPEFB

	6.7 FPU/g OPEFB + 1 U/g OPEFB β-glucosidase

	20 FPU/g OPEFB + 4 U/g OPEFB β-glucosidase




	Reducing sugar (g/L)




	T. virens UKM1
	1.91 ± 0.40

	2.22 ± 0.05

	3.54 ± 0.05




	CelluclastTM
	1.78 ± 0.02

	1.67 ± 0.02

	2.93 ± 1.08





 

Table 3 shows the glucose production from OPEFB saccharification by using the combination of 20 FPU T. virens cellulase and 4 U of β-glucosidase per gram of OPEFB. Cellulase from T. virens UKM1 gave the highest yield of glucose at 1.1 ± 0.06 g/L, corresponding to 2.2% of hydrolysis rate. The rate is slightly lower compared to commercial enzyme CelluclastTM (1.24 ± 0.01 g/L of glucose). Nevertheless, the reducing sugar production by T. virens UKM1 cellulase was higher than CelluclastTM (Table 2). Considering that, T. virens UKM1 cellulase was prepared from the crude supernatant; the preparation also contained hemicellulases such as xylanase and arabinofuranosidase, as cell wall degrading-enzyme. Accessory enzymes can give significant effects on enzymatic hydrolysis, presumably by improving cellulose accessibility.37 The synergistic action of the said enzymes contributes towards efficient hydrolysis of EFB, which in turn contributes towards higher yield of reducing sugars.38 Meanwhile, CelluclastTM has been reported to contain minor hemicellulase activity.39


Table  3:      Different in saccharification yield of pretreated OPEFB by a cellulase produced by T. virens UKM1 and a commercial cellulase, CelluclastTM. Enzymatic analysis was done using cellulase and β-glucosidase loading of 20 FPU/g OPEFB and 4 U/g OPEFB, respectively.



	
	Glucose (g/L)

	Saccharification rate (%)

	Glucose (mg/g of OPEFB)




	T. virens UKM1
	1.10 ± 0.06

	2.2

	22.0




	CelluclastTM
	1.24 ± 0.01

	2.5

	25.0





 

Saccharification is an important step to produce lignocelluloses-based products. The aim for any lignocellulosic material saccharification is to obtain fermentable glucose as high as possible. There are two methods generally employed for biomass saccharification, acid hydrolysis and enzymatic hydrolysis, with varying efficiencies depending on treatment conditions, type of biomass and the properties of the hydrolytic agents.36 The latter method which is under rapid development has immense potentials for improvement in cost and efficiency,40 as it is more feasible, convenient, eco-friendly and gives appreciable sugar yields in optimised condition.41 Recent demand for the production of fermentable sugars from lignocellulose leads to effort in finding novel and potent cellulase producing strains. Our result demonstrated that T. virens UKM1 may become a potential cellulase producer for saccharification of OPEFB.

4.          CONCLUSION

T. virens UKM1 cellulases and xylanase has been successfully characterised. This fungus was found to be a potential cellulase producer with a good cellulase activity. Cellulase from this fungus shows the saccharification yield of OPEFB is comparable to the commercial cellulase, CelluclastTM. Overall, this study has demonstrated that cellulase preparation from T. virens UKM1 has a potential in saccharification of lignocellulosic biomass resulting the fermentable sugar, glucose that could be further used for production of bio-based material.

5.          ACKNOWLEDGEMENTS

The authors would like to extend their gratitude for the financial support generously provided by Malaysia’s Ministry of Science, Technology and Innovation (MOSTI) under the project 07-05-MGI-GMB012 and Ministry of Higher Education under the project LRGS/2013/UKM-UKM/PT/01.


6.          REFERENCES

1.       Singhania, R. R. et al. (2013). Role and significance of beta-glucosidases in the hydrolysis of cellulose for bioethanol production. Biores. Technol., 127, 500–507, https://dx.doi.org/10.1016/j.biortech.2012.09.0127.

2.       Sanchez, C. (2009). Lignocellulosic residues: Biodegradation and bioconversion by fungi. Biotechnol. Adv., 27, 185–194, https://doi.org/10.1016/j.biotechadv.2008.11.001.

3.       Maity, S. K. (2015). Opportunities, recent trends and challenges of integrated biorefinery: Part I. Renew. Sust. Energ. Rev., 43, 1427–1445, https://doi.org/10.1016/j.rser.2014.11.092.

4.       Chun, S. G. et al. (2010). Bio-ethanol from lignocellulose: Status, perspectives and challenges in Malaysia. Biores. Technol., 101, 4834–4841, https://doi.org/10.1016/j.biortech.2009.08.080.

5.       Machado, G. et al. (2016). Literature review on furfural production from lignocellulosic biomass. Nat. Res., 7, 115–129, https://doi.org/10.4236/nr.2016.73012.

6.       Hendriks, A. T. W. M. & Zeeman, G. (2009). Pretreatments to enhance the digestibility of lignocellulosic biomass. Biores. Technol., 100, 10–18, https://doi.org/10.1016/j.biortech.2008.05.027.

7.       Howard, R. L. et al. (2003). Lignocellulose biotechnology: Issues of bioconversion and enzyme production. Afr. J. Biotechnol., 2(12), 602–619, https://doi.org/10.5897/AJB2003.000-1115.

8.       Liu, R. & Shen, F. (2008). Impacts of main factors on bioethanol fermentation from stalk juice of sweet sorghum by immobilized Saccharomyces cerevisiae (CICC 1308). Biores. Technol., 99, 847–854, https://doi.org/10.1016/j.biortech.2007.01.009.

9.       Gao, D. et al. (2010). Strategy for identification of novel fungal and bacterial glycosyl hydrolase hybrid mixtures that can efficiently saccharify pretreated lignocellulosic biomass. Bioenerg. Res., 3, 67–81, https://doi.org/10.1007/s12155-009-9066-6.

10.     Hamisan, A. F. et al. (2009). Delignification of oil palm empty fruit bunch using chemical and microbial pretreatment methods. Int. J. Agri. Res., 4(8), 250–256, https://doi.org/10.3923/ijar.2009.250.256.

11.     Rahman, S. H. A., Choudhury, J. P. & Ahmad, A. L. (2006). Production of xylose from oil empty fruit bunch fiber using sulfuric acid. Biochem. Eng. J., 30, 97–103, https://doi.org/10.1016/j.bej.2006.02.009.

12.     Goh, C. S. et al. (2010). Bio-ethanol from lignocellulose: Status, perspectives and challenges in Malaysia. Biores. Technol., 101, 4834–4841, https://doi.org/10.1016/j.biortech.2009.08.080.


13.     Umikalsom, M. S. et al. (1997). Production of cellulase by a wild type strain of Chaetomium globosum using delignified oil palm empty-fruit-bunch fibre as substrate. Appl. Microbiol. Biotechnol., 47, 590–595, https://doi.org/10.1007/s002530050978.

14.     Alam, M. Z. et al. (2009). Solid state bioconversion of oil palm empty fruit bunches for cellulase enzyme production using a rotary drum bioreactor. Biochem. Eng. J., 46, 61–64, https://doi.org/10.1016/j.bej.2009.03.010.

15.     Baharuddin, A. S. et al. (2009). Co-composting of empty fruit bunches and partially treated palm oil mill effluents in pilot scale. Int. J. Agri. Res., 4(2), 69–78, https://doi.org/10.3923/ijar.2009.69.78.

16.     Law, K. N., Wan Rosli, W. D. & Arniza, G. (2007). Morphological and chemical nature of fiber strands of oil palm empty fruit bunch (OPEFB). Biores., 2(3), 351–362.

17.     Juhasz, T. et al. (2005). Characterization of cellulases and hemicellulases produced by Trichoderma reesei on various carbon sources. Process Biochem., 40, 3519–3525, https://doi.org/10.1016/j.procbio.2005.03.057.

18.     Lynd, L. R., Weimer, P. J. & van Zyl, W. H. (2002). Microbial cellulase utilization: Fundamentals and biotechnology. Microbiol. Mol. Biol. Rev., 66, 506–577, https://doi.org/10.1128/MMBR.66.3.506-577.2002.

19.     Knauf, M. & Moniruzzaman, M. (2004). Lignocellulosic biomass processing: A perspective. Int. Sugar J., 106(1263), 147–150.

20.     Miettinen-Oinonen, A. et al. (2005). Enhanced production of cellobiohydrolases in Trichoderma reesei and evaluation of the new preparations in biofinishing of cotton. J. Biotechnol., 116, 305–317, https://doi.org/10.1016/j.jbiotec.2004.10.017.

21.     Kamaruddin, S. et al. (2015). Overexpression, purification and characterization of Aspergillus niger beta-glucosidase in Pichia pastoris. Malays. Appl. Biol., 44(1), 7–11.

22.     Gusakov, A. V. (2011). Alternatives to Trichoderma reesei in biofuel production. Trends Biotechnol., 29(9), 419–425, https://doi.org/10.1016/j.tibtech.2011.04.004.

23.     Gomes, J. et al. (1989). Production of cellulases by a wild strain of Gliocladium virens: Optimization of the fermentation medium and partial characterization of the enzymes. Appl. Microbiol. Biotechnol., 31, 601–608, https://doi.org/10.1007/BF00270803.

24.     Domingues, F. C. et al. (2000). The influence of culture conditions on mycelial structure and cellulase production by Trichoderma reesei Rut C-30. Enzyme Microb. Technol., 26, 394–401, https://doi.org/10.1016/S0141-0229(99)00166-0.


25.     Xiao, Z., Storms, R. & Tsang, A. (2004). Microplate-based filter paper assay to measure total cellulase activity. Biotechnol. Bioeng., 88(7), 832–837, https://doi.org/10.1002/bit.20286.

26.     Ramirez, M. G. et al. (2004). Colloidal chitin stained with Remazol Brilliant Blue R, a useful substrate to select chitinolytic microorganisms and to evaluate chitinases. J. Microbiol. Method., 56, 213–219, https://doi.org/10.1016/j.mimet.2003.10.011.

27.     Zhang, Y. H. P., Himmel, M. E. & Mielenz, J. R. (2006). Outlook for cellulase improvement: Screening and selection strategies. Biotechnol. Adv., 24:452–481, https://doi.org/10.1016/j.biotechadv.2006.03.003.

28.     Shahriarinour, M. et al. (2011). Improved cellulase production by Aspergillus terreus using oil palm empty fruit bunch fibre as substrate in a stirred tank bioreactor through optimization of the fermentation conditions. Biores., 6(3), 2663–2675.

29.     Fields, M. W., Russell, J. B. & Wilson, D. B. (1998). The role of ruminal carboxymethylcellulases in the degradation of β-glucans from cereal grain. FEMS Microbiol. Ecol., 27, 261–268, https://doi.org/10.1111/j.1574-6941.1998.tb00542.x.

30.     Kim, S. & Kim, C. H. (2011). Production of cellulase enzymes during the solid-state fermentation of empty palm fruit bunch fiber. Bioprocess Biosyst. Eng., 35, 61–67, https://doi.org/10.1007/s00449-011-0595-y.

31.     Martins, L. F. et al. (2007). Comparison of Penicillum echinulatum and Trichoderma reesei cellulase in relation to their activity against various cellulosic substrate. Biores. Technol., 99(5), 1417–1424, https://doi.org/10.1016/j.biortech.2007.01.060.

32.     Rose, S. H. & van Zyl, W. H. (2002). Constitutive expression of the Trichoderma reesei β-1,4-xylanase (xyn2) and the β-1,4-endoglucanase gene (egl) in Aspergillus niger in molasses and defined glucose media. Appl. Microbiol. Biotechnol., 58, 461–468, https://doi.org/10.1007/s00253-001-0922-3.

33.     Sreekala, M. S., Kumaran, M. G. & Thomas, S. (1997). Oil palm fibers: Morphology, chemical composition, surface modification and mechanical properties. J. Appl. Polym. Sci., 66, 821–835, https://doi.org/10.1002/(SICI)1097-4628(19971031)66:5%3C821::AID-APP2%3E3.0.CO;2-X.

34.     Kataria, R. et al. (2013). Saccharification of alkali treated biomass of Kans grass contributes higher sugar in contrast to acid treated biomass. Chem. Eng. J., 230, 36–47, https://doi.org/10.1016/j.cej.2013.06.045.

35.     Fan, L. T., Lee, Y. H. & Beardmore, D. H. (2004). Mechanism of the enzymatic hydrolysis of cellulose: Effects of major structural features of cellulose on enzymatic hydrolysis. Biotechnol. Bioeng., 22(1), 177–199, https://doi.org/10.1002/bit.260220113.


36.     Sukumaran, R. K. et al. (2009). Cellulase production using biomass feed stock and its application in lignocellulose saccharification for bio-ethanol production. Renew. Energy., 34, 421–424, https://doi.org/10.1016/j.renene.2008.05.008.

37.     Kovacs, K., Szakacs, G. & Zacchi, G. (2009). Enzymatic hydrolysis and simultaneous saccharification and fermentation of steam-pretreated spruce using crude Trichoderma reesei and Trichoderma atroviride enzymes. Process. Biochem., 44, 1323–1329, https://doi.org/10.1016/j.procbio.2009.07.006.

38.     Li, Q., Ng, W. & Wu, J. (2014). Isolation, characterization and application of a cellulose-degrading strain Neurospora crassa S1 from oil palm empty fruit bunch. Microb. Cell. Fact., 13(1), 157, https://doi.org/10.1186/s12934-014-0157-5.

39.     Sorensen, H. R., Pedersen, S. & Meyer, A. S. (2007). Synergistic enzyme mechanisms and effects of sequential enzyme additions on degradation of water insoluble wheat arabinoxylan. Enzyme Microb. Technol., 40, 908–918, https://doi.org/10.1016/j.enzmictec.2006.07.026.

40.     Mishima, D. et al. (2006). Comparative study on chemical pretreatments to accelerate enzymatic hydrolysis of aquatic macrophyte biomass used in water purification processes. Biores. Technol., 97(16), 2166–2172, https://doi.org/10.1016/j.biortech.2005.09.029.

41.     Taherzadeh, M. J. & Karimi, K. (2007). Enzyme-based hydrolysis processes for ethanol from lignocellulosic materials: A review. Biores., 2, 707–738.





Effect of Air Gap Distance on PES/PVA Hollow Fibre Membrane's Morphology and Performance

Abdul Latif Ahmad* and Zulfida Mohamad Hafis Mohd Shafie

School of Chemical Engineering, Universiti Sains Malaysia, Engineering Campus, 14300 Nibong Tebal, Penang, Malaysia

*Corresponding author: chlatif@usm.my

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 February 2017

To cite this article: Ahmad, A. L. & Mohd Shafie, Z. M. H. (2017). Effect of air gap distance on PES/PVA hollow fibre membrane's morphology and performance. J. Phys. Sci., 28(Supp. 1), 185–199, https://doi.org/10.21315/jps2017.28.s1.12

To link to this article: https://doi.org/10.21315/jps2017.28.s1.12



ABSTRACT: New formulation of polyether sulfone (PES)/polyvinyl alcohol (PVA) hollow fibre (HF) membranes were spun at different air gap distances to study the effect on membrane's morphology and performance. Four different air gap distances (5, 10, 15 and 20 cm) were investigated. The results suggested that air gap played a significant role in determining the circularity of inner lumen and the dimension of the fibres, with oval lumen formed at low air gap of 5 cm and became circular at higher air gap distance. Membrane dimensions were reduced with increasing air gap distance, with the outer diameter shrank from 0.881 ± 0.004 mm at 5 cm air gap down to 0.724 ± 0.008 mm at 20 cm air gap, and inner lumen diameter shrank from 0.564 ± 0.003 mm at 5 cm air gap down to 0.464 ± 0.005 mm at 20 cm air gap. On top of that, the flux and foulant rejection could be altered when using similarly formulated membrane spun at different air gap distance. After 30 min of hydraulic compaction and 1 h of deionised water permeation, maximum water flux was noted at 42.32 ± 0.12 kg/m2.h for HF spun at the air gap of 15 cm. Similar trend was noted after another 1 h of humic acid permeation as model foulant, with maximum flux found at 42.86 ± 0.09 kg/m2.h for the same membrane sample at 15 cm air gap. Nevertheless, rejection was found to be the highest for HF spun at 5 cm air gap with 94.63 ± 2.13% humic acid rejection.

Keywords: Hollow fibre membrane, air gap distance, humic acid rejection, polyether sulfone, polyvinyl alcohol


1.          INTRODUCTION

Large surface area to volume ratio, higher productivity per unit volume, mechanically self-supporting, and high recovery tolerance in individual membrane units; these are some of the advantages usually associated with hollow fibre (HF) membranes, making it the favoured geometry for most membrane separation applications.1,2 Nevertheless, fabrication of HF membranes has been noted to be troublesome as compared to its flat sheet counterpart, particularly due to the increase in number of parameters that need to be considered. Among all of the spinning parameters noted for dry-jet wet-spinning HF membrane process, air gap distance has been the interest of many researchers.3–9 Despite its similarity to the dry phase inversion during flat sheet membrane fabrication, HF membranes undergo the dry phase inversion in vertical with bore fluid flowing in the lumen. The configuration differences induce an additional stress to the membrane's structure due to gravity. On top of that, the internal surface also starts to develop immediately after extrusion from the spinneret as it is in contact with the bore fluid.3

The length of air gap (or air gap residence time) in HF membrane fabrication has been noted by other researchers to be an important factor in altering the outer skin layer.5 Notwithstanding, the observations of air gap effect on HF membrane morphology and permeation were rather conflicting especially between membranes with different formulations. For example, dimension, morphology and separation performance of polyvinylidene fluoride (PVDF) HF membranes have been reported by Khayet, where wall thickness of the fibres shrunk with increasing air gaps. Nevertheless, the inner diameter remained almost constant at air gap of 5 cm to 80 cm. Permeation on the other hand, decreased with higher air gap, but increased in terms of solute separation performance signifying denser cross section and smaller pore size.3 Another work by Khayet et al. using polyvinyl chloride (PVC) HF membranes reported decreasing internal and external diameter with increasing air gap, while permeation increased and selectivity decreased with increasing air gap, contradicting to his earlier work with PVDF.4 Polyether sulfone (PES) HF membranes have been reported by Liu et al. to develop larger pores when air gap increases. This in turn increased the water flux but lowered the foulant bovine serum albumin (BSA) rejection.5 Chwojnowski et. al. on the other hand reported the effect of humidity on the membrane skin layer during the air gap region. Low humidity below 90% induced a thinner skin layer which created longitudinal cracks along the membrane's outer surface.6 Nevertheless, this effect which emerged at quite a high humidity limit has not been seen in other works mentioned earlier, nor do the works mentioned about the testing humidity conditions, suggesting that dope formulation played a role in the deformity. The work of Peng et al. introduced the concept of acceleration of stretch and critical air gap distance in fabricating macrovoid-free hollow fibres. In this study, it was noted that the number of macrovoids per unit area decreased with longer air gap distance, and completely disappeared when it reached a critical value.7 However, it should also be noted that the critical value still depends on the type of polymer, polymer concentration and take-up speed. Plus, no effect on permeability and rejection was concluded by the studies conducted by the authors.

On the other hand, the use of polyvinyl alcohol (PVA) as pore former or additive has been quite sporadic as compared to other hydrophilic polymers such as polyethylene glycol (PEG) and polyvinyl pyrollidone (PVP). Despite of its abundant of –OH functional groups, a fully hydrolysed PVA is hard to dissolve and is insoluble in polar organic solvent due to extreme inter and intra molecular hydrogen bonding between its abundant hydroxyl groups.10 This may have caused the lack of popularity for PVA blends research. Chetri et al. have noted that without a suitable catalyst, PVA is basically non soluble in organic solvent such as dimethylacetamide (DMAc), and only slightly soluble in dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) at minimum temperature of 50°C.10 Nevertheless, lithium chloride (LiCl) has been noted to be able to solubilise PVA in DMAc solvent, with maximum solubility as high as 6.7 w/v% at 40°C as compared to DMSO which only exhibits swelling at the same temperature.11 The incorporation of LiCl may induce an added benefit to the membrane's permeation as LiCl is also known to be a good pore former for membrane fabrication.12,13

Based on the various reports collected, no definite conclusion could be made on the effect of air gaps on HF membrane morphology and performance spun with different formulations. On top of this, no PVA blended HF membranes have been accounted by the authors, or at least PES/PVA blends in HF configuration so far. Hence, the effect of air gap distance on the membrane structures of PES/PVA HF membranes remains a question to be studied.

2.          EXPERIMENTAL

2.1        Materials

PES (Ultrason E6020P, BASF) was used as the base material of the hollow fibre (HF) membrane. It was oven dried prior to usage to remove any moisture contents. PVA (fully hydrolysed, MW: 15,000, Merck) was used as pore former and hydrophilic additive. N,N-dimethylacetamide, DMAc (anhydrous 99.8%, Sigma Aldrich) was used as the solvent for the dope solution. Lithium chloride, LiCl (ACS Reag. Ph Eur., Merck) was used to improve PVA homogeneity in DMAc. Other materials include glycerol (>99.5%, Sigma Aldrich) and ethanol (EMSURE ACS, ISO, Reag. Ph Eur., Merck) which were used in post treatment, Araldite epoxy (rapid 5 min and standard 90 min) for module preparation, and humic acid (technical grade, Sigma Aldrich) as model foulant for rejection studies.

2.2        Membrane Fabrication and Module Preparation

PES/DMAc/PVA were maintained at weight ratio of 17.5/79.5/1 while LiCl was added equimolar to the amount of PVA added. LiCl was premixed in DMAc using magnetic stirrer for 30 min at 60°C, 500 RPM. PVA was then added into the mixture and mixed for another 3 h. Dried PES flakes were then added and mixed for 18 h at 60°C, 700 RPM using mechanical stirrer. Once fully mixed, the dope solutions were placed in ultrasonicator bath for degassing purpose, for another 1 h. The solutions were then ready to be used for HF membrane spinning.

The synthesised dope solutions were spun at four different air gaps as noted in Table 1. Spinning was done through dry jet wet spinning method. The take-up drum speed was adjusted manually to maintain a minimum speed where the fibres were not artificially stretched (only stretched gravitationally) but yet did not accumulate in the coagulation bath. All other parameters were fixed throughout the spinning process. Filtered water and distilled water were used as both coagulation bath and bore fluid respectively. Spun membranes were then immersed in water for two days to completely remove any traces of solvent. The membranes were then immersed in 50 v/v % of glycerol/water mixture for 1 day and dried under ambient conditions to preserve the membrane's pore structures. Prior to flux testing, the membranes were prepared into modules with 4 strands per module, and immersed in ethanol for 6 h to remove the glycerol and kept in cold water until further usage.

2.3        Membrane Morphology

The HF membrane's surface and cross sectional morphology were observed under scanning electron microscope, SEM (Hitachi TM 3000 Tabletop). Prior to the characterisation, the membrane samples were coated with thin layer of gold/palladium using sputter coater (Quorum SC7620) for 90 s. As for the cross sectional morphology, membranes were first cracked by using liquid nitrogen in order to get a clean cut of the membranes. The diameters of the membranes (internal and external) were noted using ImageJ software.


Table  1:      Air gap distance and minimum take-up drum speed needed to avoid membrane agglomeration for the fabricated HF membranes.



	Membrane samples

	Air gap (cm)

	Take-up speed (RPM)




	A.1

	5

	6.576




	A.2

	10

	7.578




	A.3

	15

	8.580




	A.4

	20

	9.582





2.4        Flux and Rejection Performance

Prior to flux performance test, the prepared membrane modules were subjected to hydraulic compression at 2 bar for 30 min, using deionised water as the feed. The membrane modules were then tested for water flux at 1.5 bar for 1 h. The flux was calculated according to the following equation:
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where J (kg m–2 h–1) is the flux, Δm (kg) is the mass of permeate, Co (m) the average outer circumference of the membrane, Le (m) the effective length of the membrane strands and Δt (h) the permeation time. All flux testing were conducted at constant feed flowrate of 600 ml/min. To determine the rejection performance, feed solution of 20 mg/L humic acid in deionised water (adjusted to pH 7.4 using 0.1M NaOH solution) were introduced for another 1 h at the same pressure and flowrate. The sample of the permeate was taken for HA rejection determination using UV-vis spectrometer (Merck Spectroquant Pharo 300) at the wavelength of 254 nm. The rejections were calculated by:
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where R (%) is the HA rejection, Cp (mg/L) the HA concentration of the permeate and Cf (mg/L) the HA concentration of the feed.

2.5        Feasibility Studies

The feasibility of the HF membranes was calculated using normalised convex combination of the responding variable:
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where f represents the response's normalised value, which can be calculated by dividing the sample's response of interest value with the highest response value in the overall population. In this experiment, response refers to responding variable such as flux and rejection. w represents the weightage of the response's importance as compared to the other responses in the population, which should sum up to 1, while subscript i refers to every response considered in the study.

3.          RESULTS AND DISCUSSION

3.1        Surface Morphology

Figure 1 presents the SEM micrograph image for the surface at ×3000 magnification. All of the surfaces exhibit similar collinear pores along the length of the membranes, suggesting that the morphology was possibly due to gravitational stretching of the membranes. This was further suggested by comparing the micrograph with the work of others on PES/PVA flat sheet membranes which did not develop the same morphology.14–16 Interestingly, the collinear pores also did not immerge in other HF membranes works.5,17–19 One hypothesis is that the gravitational stretching or the flow induced shear stress inside the spinneret affects the PVA's polymer chain orientation during the air gap region. The strong interaction between PVA's hydroxyl groups creates a linkage between the polymer chains. Once the dope solution reached the coagulation bath, the PVA then underwent phase inversion while maintaining the chain orientation due to the linkage mentioned earlier. As a result, distinct collinear pore pattern were formed.
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Figure  1:      SEM surface micrograph (×3000 magnification) of HF membrane samples spun at (a) 5 cm, (b) 10 cm, (c) 15 cm, and (d) 20 cm respectively.




3.2        Cross Sectional Morphology

The cross sectional micrograph at ×150 magnification presented in Figure 2 shows that non-circular lumen were formed at air gap of 5 cm (sample A.1), while circular lumen were produced at other air gaps. The short air gap introduced in sample A.1 does not give the fibre enough relaxation time to reduce the effect of die swelling. With the use of water as bore fluid, instantaneous precipitation of the internal surface occurred, causing the accumulation of internal stress in the nascent fibre as the die swelling effect began to recede. As a result, the lumen was squeezed, causing the non-circularity. Similar morphology has also been seen elsewhere.20–22
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Figure  2:      SEM cross sectional micrograph (×150 magnification) of HF membrane samples spun at (a) 5 cm, (b) 10 cm, (c) 15 cm, and (d) 20 cm respectively.




Another distinct observation could be seen in Figure 2, in which the dimension of the fibres decreased with increasing air gap distance. The measured diameter of the hollow fibres are presented in Figure 3. The outer and inner diameter of HF sample spun at 20 cm (sample A.4) showed reduction of 17.82% and 17.73 %, from the initial 0.881 mm and 0.564 mm of sample A.1 respectively. This suggested a similar reduction in the fibre's diameter for both outer and inner dimensions. Note that for the non-circular lumen of sample A.1, the inner diameter is taken by calculating the perimeter of the non-circular lumen and assumed as the circumference of an equivalent circle. Considering that the formulation and all spinning parameters were the same except for air gap distances, it could be suggested that the linear reduction was due to gravitational stretching alone. T. S. Chung et al. have extensively studied the effect of air gap on the membrane dimension through mathematical derivation, which could be used to predict the final size of the fibers.8 The diameter was suggested to be affected by four parameters: (1) nascent hollow fiber density; (2) volumetric flow rate of bore fluid; (3) mass flow rate of dope solution; and (4) take-up rate of hollow fiber. While parameter (2), (3) and (4) was adjusted during the fiber spinning process, parameter (1) would depend on the formulation of the dope solution. As the spinning was done under the same formulation, gear pump flow rate and syringe pump flow rate, it could be concluded that the reduction of membrane's diameter was caused by different take-up speed needed to mitigate the gravitational stretching on the fibers. The modified formula is given by:
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where Di is the inner diameter, Do the outer diameter, Vb the bore fluid volumetric flow rate, Vh the dope solution volumetric flow rate, and vh the take-up speed of the hollow fiber. Table 2 presents the comparison between this experiment's diameter value with the calculated value, using the modified formula. Minor error of around 5% was noted in the inner diameter calculation while larger error of around 14% was noted for outer diameter calculation. This could be due to the modified formula noted for outer dimension, which assumes the density of the nascent hollow fiber to be equal to the density of dope solution. Hence, the term could be combined with mass flow rate of dope solution into the dope solution volumetric flow rate, Vh. In reality, the density would differ especially in solution with high solvent-polymer mixture ratio as phase separation removes the major constituent of solvent from the solution. Nevertheless, the error was acceptable, considering that similar error percentage was noted and thus should still provide a good approximation to the fiber's dimension.


Table  2:      Comparison of measured diameter with the calculated diameter. Di = inner diameter, Do = outer diameter, calc = calculated value and exp = experimental value.
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Figure  3:      Effect of air gap on HF cross sectional diameters.



3.3        Flux and Rejection Performance

The results for the water flux (PWF) and humic acid flux (HAF) were presented in Figure 4 and Figure 5 respectively. Stable fluxes were noted on both graphs during the one hour permeation test. These suggested good antifouling properties as no significant reduction in flux was noted during the HAF study. The incorporation of hydrophilic PVA improve the hydrophilicity of the membrane samples and hence, making it less prone to fouling.14,23 Nevertheless, an antifouling test should be done in order to verify the claim, as noted in several antifouling studies.24–26

On the other hand, flux were noted to increase with air gap distance for the PWF test, with sample A.1 at 5 cm air gap showed the lowest average PWF at 30.61 ± 0.10 kg/m2.h, and an increment of 25.59% and 38.19% for the subsequent higher air gap distances for sample A.2 and A.3. Nevertheless, slight reduction was noted for sample A.4 with just 33.30% improvement compared to sample A.1. Similar trends were noted for HAF test with sample A.1 showing the lowest average HAF at 31.31 ± 0.14 kg/m2.h, followed by sample A.2 at 39.15 ± 0.11 kg/m2.h, and sample A.3 at 42.86 ± 0.09 kg/m2.h. This was followed by slight reduction for sample A.4 at 41.01 ± 0.16 kg/m2.h. The improvements were 25.05%, 36.91%, and 31.01% for samples A.2, A.3 and A.4, as compared to sample A.1 respectively. As discussed earlier on, there have been disputes on the effect of air gap on the HF membrane's permeation and rejection performance. Nevertheless, this work has followed the trend noticed in PES HF membrane work by Liu et al., in which the flux increased with air gap distance.5 Notwithstanding, the larger air gap distance induced in this study suggested that the higher air gap-higher flux trend was only true up until a certain length, as noted in the reduction of sample A.4's flux. As the coagulated dope solution was passing the air gap region, the larger mass of the fibre at longer air gap could induce an increase of extrusion rate. Ismail et. al. have showed that at high extrusion rate, flux will decreased due to thicker and denser outer skin layer.27 Nevertheless, this claim did contradict with the previous claim on the effect of air gap. One hypothesis is that since air gap induced dope extrusion rate depends on the mass of coagulated dope solution in the air gap region, its effect will only be visible at high air gap distance, such as noted in sample A.4.
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Figure  4:      Pure water flux (PWF) performance with time. Flux taken every minute of permeation.
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Figure  5:      Humic acid flux (HAF) performance with time. Flux taken every minute of permeation.




Moving on to the rejection performance, the rejection of humic acid (HA) by the membrane samples showed an inverse relationship with the HAF as sample A.1 gave the highest rejection at 94.63 ± 2.13%. As for sample A.2, A.3 and A.4, the rejections were declining by 1.48%, 8.88% and 2.39% respectively, showing an inverse relationship with the flux. The relationship was expected as the formulations of the membranes were the same, suggesting similar surface chemistry. Hence, the rejection trend was solely due to difference in pore size, which in turn increased the flux but decreased the rejection at bigger pore sizes.3–5,27
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Figure  6:      Effect of increasing air gap distance on HA rejection.



3.4        Feasibility Studies

By taking both flux and rejection as equally important (weightage at 0.5 for both), relative feasibility of the membranes was calculated. It was noted that despite the high rejection of sample A.1, it was not feasible for further studies at feasibility mark of only 86.52%. The small flux could not compensate the small increment in rejection for the sample spun at 5 cm air gap distance. However, sample A.2, A.3 and A.4 showed almost similar feasibility at 94.93%, 95.56% and 96.65%, respectively. Nevertheless, true feasibility could not be measured solely on the flux and rejection as a lot of factors contributed to the performance of the membranes. For example, the reduction in HF thickness as noted in Figure 3 suggested that longer air gap distance would reduce the mechanical strength of the membranes. Zhang et al. have reported on the effect of thickness on tensile strength and bursting pressure for PVDF HF membranes, in which both reduce with decreasing membrane thickness.28 As HF membranes were noted to be self-supporting, mechanical strength would be an important factor to determine the true feasibility.
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Figure  7:      Membrane's feasibility by comparing HA flux and rejection at similar weightage.



4.          CONCLUSION

The effect of air gap distance on the PES/PVA hollow fibre membrane morphology and performance was studied. Collinear pores could be seen in all membrane samples and minimum air gap distance of 10 cm was needed to fabricate hollow fibre membranes with circular inner lumen. Both the inner and outer diameter, as well as the thickness of the membranes were reduced with increasing air gap. The air gap distance could also alter the flux performance of the membranes with maximum HA flux at 42.86 ± 0.09 kg/m2.h with 15 cm air gap distance and maximum HA rejection at 94.63 ± 2.13% with 5 cm air gap distance.
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ABSTRACT: The effect of membrane thickness on the morphology and performance of polyetherimide (PEI) flat sheet membranes for gas separation has been investigated. An asymmetric PEI flat sheet membrane was fabricated using phase inversion with N-methyl-2-pyrrolidone (NMP) and water-isopropanol as solvent and coagulant, respectively. Scanning electron microscopy (SEM) was used to analyse the morphology of the prepared membrane. The results showed that the membrane with high casting thickness of 300 µm yielded a lower permeability compared to the fabricated membrane with lower casting thickness at 1 bar and 25ºC for pure carbon dioxide (CO2) and nitrogen (N2) as test gas. It was found that the permeability strongly depended on the cast solution thickness. It was also found out that the macrovoid became open and appeared larger as the casting thickness increased.

Keywords: PEI membrane, asymmetric, CO2/N2 separation, isopropanol, permeability

1.          INTRODUCTION

The use of membranes for gas separation has been recognised for many decades since the first successful development of integrally skinned asymmetric membrane prepared by Loeb and Sourirajan in 1960.1 These membranes were limited to a certain degree of perfection and thickness of the selective layer affixed on the porous support in form of composite membrane. Besides the Robeson trade-off, there is usually another trade-off relationship between permeance (related to the skin thickness) and selectivity (related to the integrity of the skin). The membrane sub-layer serves as a mechanical support for the skin, with negligible effect on separation. Macrovoids can usually be observed in asymmetric membrane fabricated by phase inversion process. In high-pressure operation during gas separation, the presence of macrovoid is not generally favorable because this usually leads to mechanical weakness.2,3 The performance of membrane-based gas separation process strongly depends on permeability and selectivity of the membrane. A membrane with higher permeability yields higher productivity and low capital cost, whereas membrane with higher selectivity leads to more efficient separation, high recovery as well as low power cost. The membrane that simultaneously possesses a high value of selectivity and permeability would lead to the most economical gas separation process.4

Phase inversion process induced by immersion precipitation is a well-known technique to fabricate asymmetric membranes. During immersion precipitation, the substrate in the coagulation bath and the solvent in the casting solution film are exchanged with non-solvent (NS) in precipitation media which results in phase separation. This process yields the formation of asymmetric membrane with a dense top layer as well as a porous sub-layer containing macrovoids, pores and micropores. The sub-layer formation is controlled by numerous variables in the polymer dope solutions such as composition, coagulant temperature and organic/inorganic additives. To attain a desired membrane morphology and performance, the phase inversion process must be carefully controlled.5 The exchange in solvent and non-solvent may result in instability within the membrane-forming system which is followed by a phase separation to make polymer-rich and polymer-lean phases that can produce the matrix of the membrane and pores, respectively.6–10 The liquid–liquid demixing by nucleation and growth of a polymer-lean phase is responsible for generating porous morphology.9

CO2/N2 separation is one of the most interesting processes in the energy industry because of gas recovery and decreasing flaring emissions. Membrane separation is one of the new perspective methods for such applications. This method has more advantages than other traditional gas separation techniques such as cryogenic distillation and pressure swing adsorption. These include energy saving, easy installation, operation as well as maintenance, modular and low space requirements, and environmentally friendly.11 The polymeric membrane should be able to offer significant improvements in CO2 permeability and selectivity with excellent thermal and chemical stability, resistance to plasticisation, resistance to aging, and ease of scale-up in order to be commercially competitive.12


Commercially available polyetherimide (PEI) has several important advantages as a membrane material. This polymer has good chemical and thermal stability. The aromatic imide units provide stiffness and heat resistance, while the swivel groups such as -O and -C(CH3)2 form flexible macromolecular chains that allow for good processability.13 A study by Wang et al.13 on gas permeation of the PEI dense films revealed that PEI exhibits an impressively high selectivity for many important gas pairs especially He and H2 separation from other gasses. In 2013, Shamsabadi et al.14 prepared flat sheet asymmetric PEI membrane for the separation of H2 from CH4 which resulted in an ideal selectivity of 27.8. Meanwhile, Saedi et al.15 fabricated asymmetric flat sheet polyethersulfone (PES) membrane for separation of CO2 from CH4 using PEI as a polymeric additive which led to CO2 permeance of 11.1 at 5 bars. Ren et al.7 also prepared the PEI flat sheet membrane with N-methyl-2-pyrrolidone (NMP)/non-solvent system. In their study, they investigated the influence of various non-solvents on the membrane morphology. Kurdi and Tremblay16 produced a defect-free PEI asymmetric flat sheet membrane for the separation of oxygen from nitrogen using LiNO3 and isopropanol as dual bath coagulation method. Simons et al.17 investigated CO2 and CH4 sorption as well as transport behaviour using the PEI membrane which produced CO2 permeability of 1.4 at 5 bars. In 1987, Pinnau et al.18 prepared PEI flat-sheet asymmetric membranes for CO2/CH4 separation using a halogenated hydro-carbon as solvent and reported a selectivity of about 30–40.

In this study, we fabricated structural transition of asymmetric PEI flat sheet membranes prepared with different thicknesses of cast solution. The morphology and the performances for CO2/N2 separation of the produced membrane were investigated.

2.          EXPERIMENTAL

2.1        Materials

Polyetherimide (PEI, Ultem®) was purchased from General Electric Plastics (Malaysia). Figure 1 represents the molecular structure of the used polyetherimide. Table 1 shows the physical properties of the PEI. Also, isopropanol, anhydrous 1-methyl-2-pyrrolidinone (NMP) (EMPLURA1, 99.5%, water < 0.1%) were supplied by Merck, Malaysia. CO2 (99.9%) and N2 (99.9%) were supplied by Technical Gas Services, Malaysia.
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Figure  1:      The molecular structure of used PEI where n represents the degree of polymerisation.




Table  1:      The physical properties of polyetherimide (PEI).



	Properties
	Units

	Values




	Molecular weight
	kg Kmol–1

	30,000




	Density
	kg/m3

	1270




	Water absorption
	mg

	20/41




	After 24 h/996 h immersion in water of 23°C
	
	



	Melting point
	°C

	219




	Glass transition temperature
	°C

	206




	Thermal conductivity at 23°C
	W/(m.K)

	0.22




	Specific heat
	kJ.kg–1. K–1

	2.0




	Upper working temperature
	°C

	170–200




	Elongation at break
	%

	15




	Compressive strength
	MPa

	140




	Tensile strength
	MPa

	85





2.2        Fabrication of PEI Asymmetric Flat Sheet Membrane

PEI was dried in a vacuum oven at 110°C overnight in order to remove any trace of adsorbed humidity. The desired polymer solution (w/w) was prepared by dissolving a certain weight of PEI in a pre-determined weight of NMP in a closed glass jar. A stirring speed of 400 rpm at 60°C was applied for efficient mixing for 24 h until a clear yellowish uniform viscous solution was achieved and left overnight. Then the solution was degassed for 30 min in order to remove the air bubbles from the solution. After the degassing process, the polymer solution was cast on a glass plate with a different thickness of 150–300 µm with the aid of casting knife by a motorised film applicator (Elcometer 4340, Dutech Instruments Malaysia). The cast film along with the glass plate were immediately immersed in a water–isopropanol (4:1 of water: isopropanol) bath to accomplish the phase inversion for 5 min, followed by immersing the membrane in distilled water for 24 h. Subsequently, the membrane was placed in between two dried glasses filled with sheets of filter paper and dried for 24 h at room temperature. Finally, the PEI membrane was dried in an oven at 70°C ± 2°C for 12 h for the complete removal of solvents and adsorbed humidity. The dope composition was represented in Table 2.


Table  2:      The composition of the polymer solution.



	Solution no

	PEI

	NMP

	Coagulant (water: isopropanol)

	Casting thickness




	N-1

	25

	75

	4:1

	150




	N-2

	25

	75

	4:1

	250




	N-3

	25

	75

	4:1

	300





2.3        Gas Permeation Test

A gas permeation experiment was performed using an assembled setup as shown in Figure 2. A cross-flow membrane cell made from stainless steel was used to perform the experiments. The cell consists of two detachable circular compartments clamped together by six screws. The upper part was connected to the feed and the retentate streams. The permeate streams were exhausting from the lower part. Circular membrane discs with effective permeation area of 7.0 cm2 were used. The pressure-normalised fluxes of the fabricated flat sheet membranes were measured for pure CO2 and N2 at 25°C and 1 bar. The feed gas was supplied to the shell side of the module. The standard permeate volumetric flow rate at atmospheric conditions was measured by a soap bubble flow meter. Each set of data represents an average of 6 replicates. The pressure-normalised flux (permeance) which flows through the membranes was calculated using Equation 1:
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where Q is the measured volumetric flow rate (at standard pressure and temperature) of the permeated gas (cm3 (STP)/s), p is permeance, l is membrane thickness (cm), A is the effective membrane area (cm2) and δP is the pressure difference across the membrane (cmHg). The common unit of permeance is GPU where GPU is equal to cm3 (STP)/cm2 s cmHg. Also, the ideal gas separation factor (α) can be calculated using Equation 2:
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Figure  2:      Schematic diagram of gas permeation set up.



2.4        Characterisation of Flat Sheet Polyetherimide Membrane

The morphology of fabricated flat sheet membranes was investigated using scanning electron microscope (SEM) (TM 3000 Hitachi, High-Tech TOKYO) with an accelerating voltage of 25.0 kV. Prior to scanning, small pieces of the membrane samples were immersed into liquid nitrogen carefully for a minimum of 120 s. Then, it was fractured to obtain a clear cross section. After drying, the fractured membrane sheet was placed on a disc for sputtering with a thin film of platinum prior to SEM testing.

3.          RESULTS AND DISCUSSION

3.1        Effect of Thickness on Membrane Structure

Figure 3 shows the SEM micrograph for the cross-sectional morphologies of 25 wt.% PEI membrane fabricated under different casting thicknesses. The presence of densed skin layer with porous substructure was observed from the three membranes cast with a thickness of 150, 250 and 350 µm (Figure 3 (a), (b) and (c)). The skin layer (selective layer) of these three membranes increases as the casting thickness increases. The thickness of these skin layers was measured to be approximately 7.268 µm, 18.853 µm, and 26.330 µm, respectively. On the other hand, the sub-layer of these three membranes has a finger-like macrovoid but it was observed that the macrovoid of the membrane cast with a thickness of 300 µm is significantly larger than the membranes cast with lower thickness. This reveals that macrovoid size increases with membrane casting thickness. Li et al.19 reported similar behaviour which was further attributed to the existence of critical structure-transition thickness. The transition was initiated with a fully sponge-like structure forming in the first region, followed by some fluctuations into the finger-like structure and ended with the fully formed finger-like structure as the thickness increased.

Mulder2 described the macrovoid formation mechanism during membrane precipitation as a phenomenon that originates from the formation of nuclei at the polymer lean region which is near to the membrane surface. Due to further diffusion and displacement of the solvent/non-solvent pair, the macrovoid becomes larger. The Monte Carlo diffusion by Termonia also supported that the macrovoid initiation was through non-solvent penetration via skin defects and the faster exchange rate between solvent and non-solvent aided the growth.20 For lower membrane thickness (i.e., 150 µm), the presence of the thin layer of macrovoid was due to insufficient space for the membrane to be formed between the film and the bottom surface. However, the formation of finger-like macrovoid exhibited in thicker membrane thickness was as a result of the non-solvent inflow which dominated the exchange rate during the membrane precipitation.

Zhang et al.21 reported that finger-like macovoid of cellulose acetate membrane prepared disappeared as the thickness is lowered down when the critical thickness is at 150 µm. From Figure 3(a), it was observed that the macrovoid formed at the skin layer of the membrane prepared with lower casting thickness of 150 µm is in compact that it cannot be easily seen, unlike the other two membranes prepared from higher casting thicknesses of 250 and 300 µm in Figure 3(b) and 3(c) respectively, where the macrovoid at the skin layer becomes open and larger. This can be attributed to the fact that the speed of demixing point in skin layers is extremely faster because of the higher concentration gradient in such thickness. Similar reason was reported by Safi et al.22 that the thickness of the membrane is in relation to the macrovoid. In their study, they concluded that finger-like structures and the pores were far away from top layer in a lower thickness of cast solution, while at higher thickness values, they existed just beneath the top layer.

Tsay and McHugh23 explained that an increase in the skin layer thickness was a result of the decrease in asymmetric porous sub-layer due to increase in the membrane thickness. This reason was attributed to the sponge-like formation which was established as can be seen in the membrane prepared with 250 and 300 µm. Besides, the macrovoid-free structure could prevent the mechanically weak point in the membrane structures and this can be attained below the critical thickness.19,24
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Figure  3:      SEM images of polymer concentration prepared from 25 wt.% but with different thickness (a) 150 µm (b) 250µm (c) 300 µm.




3.2        Effect of Thickness on Gas Permeation Performance

As can be seen from the results presented in Table 3, the membrane with a thickness of 150 µm in N-1 has a permeability of 10.365 Barrer for CO2 gas with a separation factor of 1.7. However, permeability was drastically reduced to 2.588 Barrer for CO2 with thickness increment to 300 µm in N-3. Meanwhile, the selectivity increased to 2.6 with a thickness of 300 µm and this was due to the thickness of the selective layer and the formation of the most sponge-like structure at the sublayer of this membrane. From Table 4, one can see that the permeability of CO2 is encouraged when compared to other works. This result was in tandem with the report by Firpo et al.25 that the permeability shows a strong decrease with increase in thickness but the selectivity does not change significantly in its value. Pakizeh et al.26 reported that CO2 molecules are absorbed at a high level on the skin layer surface and can then diffuse through the dense layer of the membrane. Therefore, the CO2 permeability is governed by the skin layer thickness.


Table  3:      Effect of casting thickness on membrane permeability and selectivity.



	Membrane sample

	CO2 permeability (Barrer)

	N2 permeability (Barrer)

	CO2/N2 selectivity




	N-1

	10.365

	5.956

	1.740




	N-2

	4.382

	1.770

	2.476




	N-3

	2.588

	1.012

	2.559






Table  4:      Correlation of permeability and selectivity with other polymer.



	Polymers
	CO2 permeability (Barrer)

	N2 permeability (Barrer)

	Selectivity

	References




	PEI + Zeolite
	0.21

	0.0067

	31

	30




	PEI/NMP/Coagulant
	10.365

	5.956

	1.740

	This work





 

However, when the thickness of the densed skin layer decreases, the permeability of CO2 increases. As can be seen from the permeability results in Table 3, the permeability of CO2 is of higher values compared to that of N2 gas. This may be due to two mechanisms. Firstly, the high potential of CO2 to diffuse through the polymer matrix due to its small kinetic diameter (3.3Å) than N2 (3.64Å).27 Secondly, a quadrupolar moment of CO2 in combination with glassy nature of PEI increases its permeability for CO2 than N2. Indeed, CO2 is a condensable and interactive gas which can interact with the polymeric chains and the available functional groups. This leads to a high solubility for CO2, and consequently, being more permeable than N2 gas. Besides, the lower permeability of N2 might be due to slow diffusivity resulting from the larger kinetic diameter and solubility in the PEI polymer.28 It was also reported by Alsari et al.29 in their study, where they laid much emphasis on the importance of membrane thickness to the separation of gas as the thickness increased, the permeability drastically reduced.

In summary, the accumulated data gives an insight that membrane thickness was directly related to the permeability of gas. It was observed that a thick layer was formed in membrane fabricated with a thickness of 300 µm which caused the lower permeability and an improvement in the selectivity of the gas. This signifies that the higher the membrane thickness, the lower the permeability is with no significant changes in the separation factor.

4.          CONCLUSION

Asymmetric PEI membranes were successfully fabricated through phase inversion process for removal of CO2 in single gas permeation test. The membrane casting thickness was explored and has been identified as one of the parameters in controlling the final morphologies and performances of the prepared membranes. A study on the casting membrane thickness was carried out and its correlation was attributed to the formation of macrovoid in the structure and permeability in the gas permeation test. SEM images of the cross-sectioned membrane with varied casting thickness (150, 250 and 300 µm) revealed that the macovoid is easily formed near the skin layer in the membrane with a high thickness of 300 µm which caused the low permeability.

As observed, gas permeation properties of the selective layers with different thickness defined that the permeability of the gases decreases upon the increase in the film thickness. However, the CO2/N2 selectivities remained insignificantly changed. Nevertheless, a trade-off relationship between permeability and selectivity was normally observed in the manipulation of the asymmetric membrane using thickness as an affecting parameter.
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ABSTRACT: Zeolitic imidazolate framework-8 (ZIF-8) with large particle size possesses significant gas transport resistance, which minimises its efficiency in improving the membrane gas separation performance. Hence, size control of ZIF-8 is of great research interest. In this work, different 2-methylimidazole (Hmim) concentration (molar ratio Zn: Hmim = 1:8 or 1:70) and synthesis solvent (methanol or deionised water) were used to regulate the ZIF-8 particle size. Smaller ZIF-8 particles were produced when the reaction was carried out at high Hmim concentration with short reaction time (≤ 2 min) or when methanol was used as the synthesis solvent. It is postulated that the ZIF-8 particles are more likely to exist in the form of aggregates in the membrane rather than individual particles based on the dynamic light scattering (DLS), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis. As particle agglomeration was contributed by both particle drying and instability of ZIF-8 in THF, it was recommended to store the ZIF-8 in methanol suspension prior to usage.

Keywords: Colloidal stability, ZIF-8, imidazole linker, solvent effect, agglomeration

1.          INTRODUCTION

In recent years, polymeric membrane has experienced extensive expansion for the application in gas separation due to its excellent processability.1–3 However, the separation performance of the polymeric membranes has reached a performance bottleneck because it seldom surpasses the trade-off between permeability and selectivity, as indicated by the Robeson plot.4 Recently, mixed matrix membrane (MMM), which comprises of inorganic particles dispersed within the continuous polymer matrix, has emerged as a promising route to enhance the gas transport properties through the membrane. By principle, MMM combines the outstanding processability of the polymer and the superior gas separation performance of the inorganic particles.5,6

In the field of gas separation using MMM, zeolitic imidazolate framework-8 (ZIF-8) has attracted considerable attention. ZIF-8 possesses large cages with the size of 11.6 Å that are accessible through the small apertures that have the diameters of 3.4 Å.7 Its pore size, which is in close proximity to the kinetic diameter of common gases, makes it highly advantageous for gas separation especially in the separation of CO2 (3.3 Å) from other gases such as N2 (3.64 Å) and CH4 (3.8 Å)8 due to the notable molecular sieving effect. Besides, the large pore volume and high CO2 adsorption capacity9 demonstrated by the ZIF-8 also help in enhancing the gas separation efficiency. For example, Dai et al. showed that 17 vol% of ZIF-8/Ultem® hybrid hollow fibre membrane had improved both the CO2 permeability and CO2/N2 ideal selectivity by 85% and 20% respectively.5

It is well known that a ZIF-8 with large particle size increases the diffusion resistance, which directly restricts the gas transport through the membrane.10 Hence, the size control of ZIF-8 is necessary for its effective application in gas separation. The particle size of ZIF-8 can be regulated by different strategies including incorporation of additives,10,11 alteration of reactant ratio12 and adjustment of reaction time.13 In the work carried out by Tanaka et al., the ZIF-8 size in the range of 0.32–3.4 µm was achieved by adjusting the imidazole/Zn molar ratio from 40 to 100 with the reaction occurring in an aqueous system.12 In their study, higher monodispersity was acquired at higher imidazole/Zn molar ratio.12 Furthermore, Venna et al. demonstrated a simple way of ZIF-8 size control by manipulating the reaction time.13 With the reaction time of 10 min to 24 h, ZIF-8 in the size of 50–500 nm were obtained.13

To the authors' best knowledge, there is lack of literature report on the role of synthesis solvent in controlling the ZIF-8 particle size. In this work, ZIF-8 was synthesised using methanol or water under similar reaction protocol. In most reports, high imidazole concentration (Zn:Hmim molar ratio = 1:70) was employed in the aqueous system to produce ZIF-8. Hence, the effect of low imidazole concentration (Zn:Hmim molar ratio = 1:8) in tailoring the ZIF-8 particle size was also investigated. In addition, the colloidal stability of ZIF-8 was examined as this will influence its application and effectiveness in the preparation of gas separation membrane.


2.          EXPERIMENTAL

2.1        Materials

Zinc nitrate hexahydrate (≥ 99%) and 2-methylimidazole linker (Hmim, 99%) were purchased from Sigma Aldrich (USA). The commercial ZIF-8 (Basolite® Z1200, BASF) was also obtained from Sigma Aldrich (USA) to compare with the synthesized ZIF-8. Methanol and tetrahydrofuran were attained from Merck (USA) and Fisher Scientific (UK) respectively. All chemicals were used as received without further purification.

2.2        Synthesis of ZIF-8 Particles

Solutions of 0.1 M zinc nitrate hexahydrate and 0.8 M 2-methylimidazole (Hmim) were prepared separately in equal volume of solvent (methanol or deionised water). Then, the zinc nitrate hexahydrate solution was added rapidly into the 2-methylimidazole solution. The final molar composition of the synthesis solution was Zn:Hmim = 1:8. The reaction was carried out under agitation speed of 250 rpm at room temperature with reaction time ranging from 1 min to 4 min. The particles formed were recovered by centrifugation at 3000 rpm for 1 h. Once separated, the particles were washed with fresh solvent twice via repeating cycle of sonication (20 min) and centrifugation (3000 rpm, 30 min). A portion of the particles were dispersed in methanol to observe the particle size changes over time. The remaining particles were dried in vacuum oven at 65○C for 24 h. As for the ZIF-8 synthesised in deionised water, the reaction occurred at a higher molar ratio of Zn:Hmim = 1:70 was also performed.

2.3        Size Stability Test of ZIF-8 Particles

The particle size of ZIF-8 stored in methanol suspension was measured over the storage time. In order to study the size stability of ZIF-8 in THF, the ZIF-8 stored in methanol suspension was separated by centrifugation (3000 rpm, 1 h) and redispersed in 10 mL THF. The ZIF-8 in THF suspension then underwent sonication (30min, 50○C)-stirring (30 min)-sonication (30min, 50○C) cycle to obtain a uniformly dispersed suspension. Meanwhile, for the ZIF-8 stored in dry form, approximately 0.03g of dry ZIF-8 was suspended in 10 mL THF, in which the similar sonication-stirring-sonication cycle was applied before the size measurement.


2.4        Characterisations of ZIF-8 Particles

The particle size of ZIF-8 was monitored using dynamic light scattering (DLS, Malvern Instruments Nanosizer, UK) in backscattering detection mode, in which the angle between the laser and the detector was 173○. A 6 ppm sample was used for the measurement to avoid multiple light scattering.

Scanning electron microscopy (SEM, Hitachi TM 3000, Japan) was used to observe the morphology of the ZIF-8 particles. The samples were coated with a thin gold conducting layer to obtain a clearer image.

The ZIF-8 structure was further observed using transmission electron microscopy (TEM, Philips CM12, Holland). The sample was prepared by evaporating few drops of ZIF-8 suspension onto the copper grids before the analysis.

3.          RESULTS AND DISCUSSION

3.1        Size Control of ZIF-8 Particles

The role of 2-methylimidazole linker (Hmim) in controlling the size of ZIF-8 particles was studied by adjusting the Zn:Hmim molar ratio to 1:8 and 1:70, respectively. As shown in Figure 1, ZIF-8 synthesis at low molar ratio of 1:8 in aqueous system yielded a bigger size of ZIF-8 particle than the higher molar ratio of Zn:Hmim at 1:70 when the reaction was occurred in a rapid time (within 2 min). However, when the reaction was prolonged beyond 2 min, the trend was reversed.
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Figure  1:      Particle size of ZIF-8 synthesised in water and methanol at different Zn:Hmim molar ratio as a function of reaction time.




Fundamentally, the structural evolution of ZIF-8 starts with the nucleation stage.13 Hmim deprotonates to provide imidazolate nitrogen atom, which is then coordinated with the Zn2+ ion to construct the neutral framework structure of ZIF-8, as displayed in Figure 2.12 At the early stage of the reaction, the deprotonated imidazole was consumed for the nuclei formation rather than the particle growth. With higher Hmim concentration (molar ratio = 1:70), the deprotonation rate of imidazole was anticipated to increase.12 Henceforth, more nuclei were formed at the beginning of the reaction (≤ 2 min) at higher Hmim concentration. In this case, the overall ZIF-8 particle sizes were found smaller prior to the extensive growth of the particles. In contrast, less nuclei were formed when lower Hmim concentration (molar ratio = 1:8) was employed. Thus, the remaining deprotonated imidazole were able to attach to the nuclei produced, resulting in a larger ZIF-8 particle. However, the particle size of ZIF-8 synthesised at higher Hmim concentration (molar ratio = 1:70) was eventually bigger than that of lower Hmim concentration (molar ratio = 1:8) at prolonged reaction time (≥ 2min) as more deprotonated Hmim were available for the particle growth.
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Figure  2:      ZIF-8 framework structure.



In addition to Hmim concentration, the effect of solvent in regulating the ZIF-8 particle size could not be neglected as some of the solvents will favour the growth of ZIF-8.14 In this work, water and methanol were used as the solvents for ZIF-8 synthesis to compare the particles formed at constant Zn:Hmim molar ratio of 1:8. During the synthesis, the reaction mixture prepared in water turns out cloudy faster than the reaction mixture prepared in methanol (data not shown). Hence, faster nuclei formation and particle growth was anticipated in the aqueous solution, which produced bigger size of ZIF-8 particle. This postulation was proven from the DLS results. As highlighted in Figure 1, the ZIF-8 produced from the water (521 nm) was 7 times bigger than that produced by using methanol as the solvent (74 nm) at 1 min reaction time. The result suggested that the growth of ZIF-8 particle was highly promoted by the water, attributed to its stronger ability of hydrogen bond donation (α = 1.17).15 In contrast, the α of methanol was found to be 0.98, which was lower than the α of water.15 The greater capability of water in generating hydrogen bonds has induced higher lability of the pyrimidinic proton,14 which facilitated the Hmim deprotonation process. Therefore, faster ZIF-8 growth was anticipated in the water, which produced bigger ZIF-8 particles.

Although three different synthesis conditions were adopted, it was not surprising that a similar trend in particle size evolutions were observed with increasing reaction time, as displayed in Figure 1. The size of ZIF-8 particles was increased gradually, followed by a drastic increment as the reaction progressed. As mentioned previously, this observation confirmed the initiated nucleation stage during the ZIF-8 synthesis, which rationalised the slow increment in the particle size. Meanwhile, the significant increase of the ZIF-8 particle size in the latter stage of reaction was undoubtedly contributed by the particle growth. Among the three synthesis conditions, the reaction carried out in methanol at Zn: Hmim molar ratio of 1:8 was preferable as it produced smaller ZIF-8 particle for MMM fabrication, with the size ranging from 74–285 nm.

3.2        Size Stability of ZIF-8 Particles

As for the membrane gas separation, the large sizes of ZIF-8 particles may induce significant gas transport resistance through the membrane.10 In view of the particle size requirement, ZIF-8 produced at 3 min reaction time (96 nm) in methanol solvent was chosen to be incorporated into the MMM. In this context, the size stability of the ZIF-8 over storage time is a critical issue to be addressed as the ZIF-8 particles might agglomerate during the storage period.

Table 1 indicates the size stability of ZIF-8 stored in two different approaches. The first storage method is the direct dispersion of the recovered ZIF-8 in methanol solvent. It was interesting to note that the ZIF-8 stored in methanol suspension (without drying, 215–234 nm) was found slightly larger than the as-synthesised ZIF-8 (96 nm). This is reflected with a slow particle growth still occurring during the solid recovery process. In overall, the ZIF-8 particles were stable over the storage period, with the particle sizes ranging from 215–234 nm. However, it is of interest to determine the particle size of ZIF-8 in the casting solvent (tetrahydrofuran, THF) as it more closely represents the dispersion level of ZIF-8 particles in the membrane. Hence, the ZIF-8 in the stable methanol suspension was separated and dispersed in THF. Unfortunately, DLS result demonstrated ZIF-8 hydrodynamic size of 5276 nm when dispersed in THF. This revealed the instability of ZIF-8 in THF, where there is high possibility of particle agglomeration during the membrane synthesis. The second storage method is to keep the ZIF-8 in dry form. Over the storage time, the ZIF-8 showed a particle size of < 3000 nm when it was dispersed in THF (Table 1). In comparison to the as-synthesised ZIF-8 particle size of 96 nm, the significantly larger ZIF-8 particles during the storage period indicated the possibility particle agglomeration.


Table  1:      The particle size of ZIF-8 stored in different ways.



	Time
	Particle size (nm)




	Direct dispersion of ZIF-8 in methanol

	Dispersion of dry ZIF-8 in THF*




	Day 1
	556

	2473




	Day 2
	222

	2136




	Day 3
	215

	1693




	Day 4
	234

	2741





*ZIF-8 was stored in dry form. The dispersion of dry ZIF-8 in THF was prepared each day before the size measurement.

Particle agglomeration is a major concern in the advancement of MMM. However, DLS is a physical technique that can only provide the particle size based on light scattering. The particle size measurement obtained cannot clearly indicate whether the sample is in the form of individual particles or aggregates. Therefore, the ZIF-8 particles were further examined using SEM to have a better insight on their physical appearance. As demonstrated in Figure 3(a), lumps of ZIF-8 particles with irregular size were noted when the dry ZIF-8 were dispersed in THF. The co-existence of both large and small clusters is expected to create an uneven interfacial stress between the ZIF-8 and the polymer matrix, which will weaken the mechanical strength of the resulting MMM.

Meanwhile, the SEM image also revealed the aggregated form of the commercial ZIF-8 (Basolite® Z1200), as denoted in Figure 3(b). Although the DLS measurements showed that the particle size of the commercial ZIF-8 (2338 nm) in THF was comparable to the self-synthesised ZIF-8 stored in dry form (2136-2741 nm), the aggregated size of the commercial ZIF-8 was more homogeneous. This reflected that the commercial ZIF-8 stands a higher chance to produce MMM without interfacial defects. Regardless of the commercial or self-synthesised ZIF-8, the SEM images showed that the ZIF-8 is most likely to distribute in the form of aggregates rather than individual particles in the membrane (Figure 4). Henceforth, further works are required to investigate the effectiveness of ZIF-8 aggregates in the MMM for gas separation application.
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Figure  3:      SEM images of (a) dry synthesised ZIF-8 particles dispersed in THF, and (b) commercial Basolite® Z1200 ZIF-8.
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Figure  4:      Distribution of ZIF-8 particles in the membrane.



Despite the fact that the commercial ZIF-8 might be more preferable for MMM synthesis, efforts to improve the self-synthesised ZIF-8, especially in tackling the particle agglomeration, could not be neglected due to the easy tuning of particle size and morphology for particular application. As aforementioned, it was expected that the ZIF-8 was unstable in THF as the ZIF-8 particle size increased dramatically when it was redispersed in THF (increased from 215–234 nm in methanol suspension to 5276 nm in THF). However, based on the SEM result in Figure 3(a), in which the aggregated form was obtained when the dry ZIF-8 particles were dispersed in THF, ZIF-8 agglomeration was possibly contributed by both the instability of ZIF-8 in THF and the particle drying. Hence, the SEM images of ZIF-8 stored in two different conditions: (1) in methanol suspension and (2) recovered from the methanol suspension and redispersed in THF, were examined to investigate the root cause of ZIF-8 agglomeration. Surprisingly, undistinguishably large ZIF-8 clusters (Figure 5(a) and (b)) were observed even though the ZIF-8 in Figure 5(a) was not being dispersed in THF. As the SEM analysis requires dry samples, the results highlighted the significant role of drying in causing the ZIF-8 aggregation (the ZIF-8 was kept in suspension form before the analysis). It was postulated that drying promoted the formation of strong covalent bonding between different ZIF-8 particles, which resulted in particle agglomeration.16


[image: art]

Figure  5:      SEM images of the synthesised ZIF-8 particles (a) dispersed in methanol suspension and (b) redispersed in THF from the methanol suspension.



The drying effect on particle agglomeration was further verified by the TEM analysis. As shown in Figure 6(a), the ZIF-8 in methanol suspension (not subjected to drying) demonstrated regular particle size and was well dispersed, in which the particle agglomeration was absent. In comparison to its aggregated form denoted by the SEM image (Figure 5(a)), the result stressed that it was drying that caused the serious particle agglomeration. In the meantime, the stability of ZIF-8 in THF (casting solvent) is also of great concern. It was found that a portion of the synthesised ZIF-8 agglomerated when dispersed in THF (Figure 6(b)). This signified that the ZIF-8 was incompatible with the THF, in which the ZIF-8 might exist as aggregated form in the membrane. However, some individual ZIF-8 particles could still be observed from the TEM image of the self-synthesised ZIF-8 in THF (Figure 6(b)). In contrast, a more severe ZIF-8 agglomeration was noted when the commercial Basolite® Z1200 ZIF-8 was dispersed in THF (Figure 6(c)). Since the commercial ZIF-8 was initially in dry form, the result again emphasised that the severe agglomeration was attributed to the combined effects of both particle drying and instability of ZIF-8 in THF. In overall, it is recommended to store the ZIF-8 in methanol suspension instead of dry form prior to its usage. Besides, more efforts should be focused on the ZIF-8 dispersion in the casting solvent to ensure its successful integration into the mixed matrix membrane.
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Figure  6:      TEM images of the synthesised ZIF-8 particles (a) dispersed in methanol suspension; (b) redispersed in THF from the methanol suspension; (c) TEM image of the commercial Basolite® Z1200 ZIF-8 dispersed in THF.



4.          CONCLUSION

The ZIF-8 particle size was successfully tailored by manipulating the 2-methylimidazole (Hmim) concentration and the synthesis solvent (methanol or deionised water). Within short reaction time (≤ 2 min), smaller ZIF-8 particles were produced at higher Hmim concentration (molar ratio Zn:Hmim = 1:70) in the aqueous reaction system attributed to the increased nucleation rate. Besides, the formation of smaller ZIF-8 particles, in the range of 74–285 nm, was realised by employing methanol as the synthesis solvent due to its weaker ability of hydrogen bond donation during the reaction. SEM images showed the agglomeration of ZIF-8 particles, which implied the high possibility of ZIF-8 to be distributed in the form of aggregates rather than individual particles in the membrane. It was found that the ZIF-8 agglomeration was mainly caused by the particle drying and the instability of ZIF-8 in THF. Hence, it is preferable for ZIF-8 to be stored in methanol suspension rather than dry form to minimise the agglomeration problem. For successful integration of ZIF-8 in mixed matrix membrane, further work on improving the compatibility between ZIF-8 and casting solvent (THF) is needed.
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ABSTRACT: The increase in carbon dioxide (CO2) has been a major cause for global warming and climate change. Therefore, a study of CO2 adsorption by using activated carbon (AC), which has sorption capacity, surface area, and pore structure, is introduced. AC is produced by using sulfuric acid by dehydration method with biomass nypa. Then, to enhance the selectivity of AC to adsorb CO2, characterisation and modification of AC are performed by using amine functional groups, diethanolamine (DEA) with 10%, 20% and 30%. The samples were characterised using BET, FTIR, XRD, and SEM. FTIR analysis found that peak areas of the 10%, 20%, and 30% DEA/AC samples are associated with stretching of the functional group OH. The presence of functional groups grows with the increase in the mass of the DEA. Meanwhile, XRD analysis indicated that the chemical composition of the results is carbon, and salts such as sodium sulfate were produced from the dehydration reaction. The AC samples have more surface pores than the DEA/AC samples; SEM analysis shows that the pore area of the DEA/AC samples is covered with amine compounds that accumulate in the pores of AC. Physical adsorption for the AC samples is higher in the BET surface area of 339.09 m2/g with average pores size of 1.1 nm. The DEA/AC samples showed a significant decrease in the surface area because DEA compounds dispersed and covered the surface and pores of AC. The performance of the adsorbent increases when the functional group increases after CO2 flow, as indicated by FTIR analysis. An analysis of CO2 adsorption showed that the AC samples have a higher CO2 adsorption of 38.37 cm3/g compared with the DEA/AC samples. Hence, the presence of AC with an amine functional group can increase the capacity for physical adsorption on the basis of the characterisation that was performed.

Keywords: Activated carbon, nypa fruticans biomass, amine functional group, carbon dioxide, adsorption

1.          INTRODUCTION

Carbon dioxide (CO2) is an essential gas to life on earth as it is a main product of human respiration. It is also the main greenhouse gas emitted by human activities; one such activity is the burning of fossil fuels, such as oil, natural gas and coal, for energy production and transportation. Approximately 2 to 3 million tons of CO2 are released every year through coal-fired power plant activities throughout the world.1 The increase in CO2 has led to global warming and climate change. Therefore, green technologies that may reduce emissions, such as CO2 capture and storage are being developed. Adsorption is one of the most promising CO2 capture and storage technologies in commercial and industrial applications.2

Adsorption can be divided into two methods, namely, physical and chemical adsorption. This process involves the adhesion of atoms, ions or molecules of a liquid, gas or solid solutions that are adsorbed on the surface of an adsorbent. Physical and chemical adsorptions have differences. Physical adsorption causes the desired molecules to be attracted to the high surface area of pore walls through van der Waals forces and have a weak bond. In chemisorption, certain adsorbent sites with a higher adsorption heat will bind with gas, thereby forming a new covalent bond.3

Physical adsorption can be analysed based on adsorption and desorption isotherms of nitrogen. This analysis is known as Brunauer-Emmett-Teller (BET) analysis (Emmett 1936). Physical adsorption can be carried out to identify a porous material on the basis of pore size, surface area and pore volume. Porous materials such as activated carbon (AC) can be characterised based on the obtained data. The resulting isotherm can be classified according to the type of existing isotherms, which consist of six classes.4,5 Adsorption isotherm is available based on the volume of nitrogen adsorption, and desorption isotherms were obtained from the quantity of gas removed from the sample because of the relatively low pressure.

Usually, the adsorbents that are used in CO2 adsorption are AC, mesoporous silica, zeolite, metal oxides, carbon nanotube, and mesoporous molecular sieve.6,7 AC is always selected as the main adsorbent in the adsorption process to remove contaminants from gases and liquids because of its advantages in terms of adsorption capacity, surface area, pore structure, adsorption kinetics and mechanical properties.8,9

Studies on AC are increasing because of such advantages. The development of AC research has led to a new discovery with regard to the reuse of disposable materials or biomaterial as an alternative to AC sources. AC is commonly produced from carbon-rich organic material.10 Thus, the biomass of nypa was introduced to obtain the source of AC. Nypa fruticans is a monoecious palm with special characteristics, and it grows throughout pond estuaries in brackish water. Nypa is selected to synthesise AC because its characteristics will create potential raw material for fuels and chemicals.11 Each part of nypa can be characterised to lignin, starch, protein, inorganic constituents, cellulose and hemicellulose. Moreover, the ash content of nypa is high; thus, it will produce good AC that consists ofmajor inorganic elements, such as Cl, K, and Na, and minor inorganic elements such as Ca, Mg, P, Si, Al and S.

However, AC is less selective on CO2 adsorption. Thus, in this work, the surface properties of nypa AC are modified to enhance CO2 adsorption selectivity; this modification was conducted jointly with the amine functional group to examine the ability and effectiveness of AC as adsorbent. The amine functional group is selected in the modification of AC because of its high adsorption capacity and selectivity for CO2.12 Then, the prepared modified AC and amine groups are characterised using various methods.

2.          EXPERIMENTAL

2.1        Preparation of Activated Carbon

The sample of dehydrated nypa biomass was prepared in advance to obtain AC before it is characterised by analysis. First, the raw nypa biomass were washed and dried. Then, they were ground and sieved by using a blender to obtain an ultra-particle size of 0.2 mm. Afterwards, 25 g of dried biomass samples were dehydrated by using 15 ml concentrated sulfuric acid. Finally, the samples were washed repeatedly with distilled water before dried in an oven at 75°C for 24 h.

These dried dehydrated nypa biomass were then washed again with 1 M sodium hydroxide (NaOH) to obtain more pores. Calcine combustion with nitrogen gas was carried out at 600°C for 30 min to yield and forming AC. The formed AC then were cooled and weighed. These AC next were characterised by using BET, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and X-ray diffraction (XRD). After characterisation, the modification continued with AC by using different mass percentages of the amine functional group (diethanolamine (DEA)) to determine the effects of the use of amine functional groups with AC. Finally, the adsorption test was conducted by using BET method and FTIR to study the effect after CO2 gas adsorption.

2.2        Characterisation Method

2.2.1        Functional group

The surface functional groups of AC were analysed by using FTIR with Perkin Elmer Model GX through attenuated total reflectance. The characterisation of AC samples with amine functional groups was also assessed by using the same method. 30% of DEA impregnated with AC was flow with CO2 gas and been analysed using this analysis. This FTIR instrument is useful for identifying the chemicals found in samples from which data were collected and converted to the spectrum by using the interference pattern.

2.2.2        Material crystallinity

Analysis of material crystallinity through XRD analysis is a unique way of identifying the shape and type of crystal that results in AC. XRD characterisation is conducted to identify and characterise the structure and size of crystals. This method allows the analysis and determination of the distribution of the orientation of the crystal in the sample. In this study, XRD was performed by using Bruker AXS D8 Advance with a radiation source of X-rays of Cu Kα (40 kV, 40 mA) to record the diffraction angle of 2θ.

2.2.3        Surface morphology

The structures of the pores were examined by using SEM type ZEISS Supra VP55. SEM is an electron microscope that produces an image of a sample by using a scanning electron to examine the structure, topography, and the composition of the sample.

2.2.4        Physical adsorption and porosity

To characterise AC by using a physical adsorption analyser, BET was used to analyse the BET surface area, pore volume, and pore diameter after CO2 adsorption. BET analysis was performed by using Micromeritics ASAP 2020. The analysis was performed by activating the nitrogen adsorption isotherms on the AC samples. Normally, this method is more focused on identifying the porosity and surface area of the sample.

2.3        CO2 Adsorption

The physical adsorption of CO2 was measured using BET method by using CO2 as carrier gas at 30°C. The CO2 adsorption capacity was determined by volume of adsorbed gas per gram of adsorbents. The possible chemical adsorption of CO2 was studied by continuous flow of CO2 gas at 50 mL/min into the adsorbent in closed bottle for 30 min at 30°C. The chemical change during CO2 adsorption was determined using FTIR analysis to monitor new bond and functional groups form due to chemical interaction of CO2 and amines group.

3.          RESULTS AND DISCUSSION

From this study, the activated carbon yielded was of 8.07 g or 31%. Then, the complete characterisations were carried out by using FTIR, BET, SEM and XRD on AC obtained from nypa biomass resources to study the presence functional groups, surface properties, porosity, morphology, and phase crystallinity of the adsorbent.

3.1        Functional Group (FTIR)

Figure 1 shows the infrared spectrum of AC for different percentages of AC/DEA, namely, 10%, 20% and 30%. The peak area of the AC sample is 1112.34 cm–1, which refers to a functional group of CO stretching. The peak areas for 10%, 20%, and 30% DEA/AC were each located at 3278.91, 3288.29 and 3283.29 cm–1. All three samples were associated with the functional group OH, and this strain showed the presence of hydroxides bound in the AC biomass commander. Moreover, the presence of an amine functional group and nitro compounds can be seen in every sample for each percentage of DEA on AC. This means that the presence of functional groups grows with the increase in the mass of the DEA.

The presence of nitrogen functional groups in amine functional groups on the carbon surface will increase the adsorption capacity.13 As the percentage of DEA increase, the intensity of presented amine tends to increase in each sample adsorbent. The presence of amine functional groups will also increase the chemical bonds on the surface of AC.14
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Figure  1.      Spectrum of AC and AC supported DEA.



3.2        Crystallinity (XRD)

The shape and type of crystal that results in AC is identified through XRD analysis. Figure 2 shows that the chemical composition of the resulting sample is mostly carbon, and no significant change is observed in the diffraction for all samples. However, the presence of salts such as sodium sulphate compounds can be seen in the sample. These salts result from the reaction of sodium hydroxide and sulfuric acid (dehydration) during the production of AC.
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Figure  2.      Analysis of XRD spectrum on AC nypa and different DEA loadings on AC.




3.3        Surface Morphology (SEM)

SEM analysis found that the resulting surface pores on the surface of the sample vary according to the type of AC. Figure 3 shows the morphology of AC at a magnification scale of 30 KX. Apart from the presence of pores in the percentage of the mass of DEA, the existence of such salts can also be seen in the physical morphology of AC in white compound form. The presence of salts such as sulphates may be due to the use of concentrated sulfuric acid in carrying out the chemical activation of AC.
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Figure  3:      Morphology of SEM for a) AC, b) 10% DEA/AC, c) 20% DEA/AC, d) 30% DEA/AC.



3.4        Physisorption Properties

Physical adsorption analysis was performed by using BET to review the BET surface area, pore volume, pore size, and pore size distribution (Emmett 1936). The analysis was performed by the flow of the nitrogen on the AC samples. Table 1 shows that the BET surface area of the AC sample represents the surface area of 339.09 m2/g and contains more pores compared to the DEA/AC samples. The process of hydration with concentrated sulfuric acid clearly yielded a high surface area and porosity. AC samples that were modified with amine compounds showed a significant decrease in surface area. This finding shows that these compounds were dispersed and covered the surface and pores of AC.15 However, the BET surface area of the 30% DEA/AC sample was higher than that of the other DEA samples at 0.96 m2/g. The average pore size of 7.0 nm is found in the 10% DEA/AC sample. According to the International Union of Pure and Applied Chemistry (IUPAC), AC and 30% DEA/AC are classified as micropores given that their pore size is <2 nm, while the 10% and 20% DEA/AC samples are classified as mesopores given that the width of the mesopores ranges between 2 and 50 nm.


Table  1:      Summary analysis of physical properties of material.



	Sample
	BET surface area (m2/g)

	Micro pore area (m2/g)

	Pore size (nm)

	Pore volume (cm3/g)




	AC
	339.09

	278.76

	1.11

	0.19




	10% DEA/AC
	0.75

	–0.06

	7.00

	2.63 × 10–3




	20% DEA/AC
	0.93

	–0.38

	3.07

	1.43 × 10–3




	30% DEA/AC
	0.96

	–0.65

	1.11

	0.53 × 10–3





 

Figures 4(a) to 4(d) show the adsorption and desorption of nitrogen in each sample. Nitrogen adsorption and desorption isotherms of AC samples refer to the isotherm type I, which is present because of the interaction between the adsorbent adsorbed in micropores of molecular dimensions. DEA/AC samples can be classified as type II isotherm group, which is usually associated with the intermediate flat region that corresponds to monolayer formation. The isotherm resulting from analysis BET-N2 is an isotherm of type I for sample AC and the isotherm for sample DEA/AC is type II.

3.5        Effect of Performance of CO2 Adsorption and Porosity

Adsorption of CO2 was done by flowing CO2 gas for 30 min, and this adsorption effect was analysed using FTIR analysis. Based on Figure 5, it was indicated that the 30% AC spectrum with DEA shows the decreases of wavelength after CO2 adsorption. These decreases occurred because the adsorption column was successfully filled with CO2. Therefore, prior to CO2 adsorption, the entrance was covered with DEA. However, the resulting functional group increased because of the resulting chemical bond between CO2. The reaction of CO2 and amine can produce new compounds, such as carbamates. However, the formation of carbamate compounds will deactivate the amine material during CO2 adsorption.16 In this study, a secondary amine of DEA did not provide any new chemical bonds after exposure to CO2.
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Figure  4:      Adsorption-desorption isotherm of BET for a) AC, b) 10% DEA/AC, c) 20% DEA/AC, and d) 30% DEA/AC (blue: adsorption, red: desorption).



Physical adsorption of CO2 was analysed for each sample to determine if the adsorption capacity was successful. Table 2 shows that the AC sample has a CO2 volume adsorption of 38.37 cm3/g, which is higher than that of the other samples by 7.03%. The BET surface area of the AC sample is high, thereby proving that CO2 adsorption was successful, as indicated by the number of active sites on the surface of the sample. Then, this physical adsorption of CO2 proved that the surface of adsorbent was fully covered by the DEA. However, the volume of the adsorbent is uneven; the 20% DEA/AC sample adsorbs less than the 10% DEA/AC sample does with 17.86 cm3/g < 22.36 cm3/g, but the volume increased to 23.50 cm3/g when the mass percentage increased. Therefore, the 10% DEA/AC sample is applicable because its adsorption rate is the same as that of the 30% DEA/AC sample.
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Figure  5:      FTIR spectrum of 30% DEA/AC after adsorption by flow CO2 gas.




Table  2:      Volume of CO2 adsorption.



	Samples
	Volume of adsorption (cm3/g)

	Total adsorption capacity (wt.%)

	Quantity CO2 adsorbed per unit surface area (g/m2)




	AC
	38.36

	7.54

	0.02 × 10–2




	10% DEA/AC
	22.36

	4.39

	5.85 × 10–2




	20% DEA/AC
	17.86

	3.51

	3.77 × 10–2




	30 % DEA/AC
	23.50

	4.62

	4.81 × 10–2





 

The CO2 physical adsorption volume of the DEA/AC adsorbents is less than that of the AC. It was maybe due to less surface area of AC-supported amine. However, the physical adsorption occurred on adsorbent surface and was closely related to the surface area. The results showed that AC-supported amine have higher quantity of CO2 adsorbed per unit surface area. 10% DEA/AC showed a higher quantity of CO2 physically adsorbed per unit surface area, compared to higher DEA loadings. The presence of higher loadings of amine functional group causes the actual pore size to decrease during amine functionalisation which also reduces the volume of the resulting pore.17 Subsequently, the pore volume decreasing proportionally with amine loadings gives a significant effect to the CO2 adsorption capacity. However, it was clearly shown that AC adsorption capacity and selectivity for CO2 can greatly improve when the surface area increases with amine functionalisation.18


Figure 6 shows that the adsorption isotherm that results from CO2 is a type I isotherm, which exists due to improvement of interaction between the adsorbent and adsorbate species in the pores. This pore is formed when hydration is carried out with acid because activation is considered to have resulted in more active pore sites, which later evolved into mesopores.19 CO2 adsorption will proportionally increase by pore size of the adsorbent due to better gas diffusion on the surface of adsorbent. The presence of nitrogen compound on the AC surface can assist the interaction of Lewis acid CO2 gas on modified adsorbent surfaces.
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Figure  6:      Combination of adsorption of CO2 isotherm.



4.          CONCLUSION

In this study, a total amount of 8.07 g of AC was successfully yielded with the percentage of 31% for further modification with amine functionalisation. Then, the effectiveness of the addition of amine functional groups, namely diethanolamine (DEA) on nypa AC was performed using different mass loading of 10%, 20% and 30%. FTIR analysis showed that the functional groups increased with the increase in the percentage of the mass of DEA. XRD analysis shows that the resulting diffraction was more focused on elements, such as carbon and sodium sulphate, per sample. The morphology of the pores visible in the AC samples with DEA was analysed through SEM analysis. The BET analysis found that the surface area of the AC samples was greater than that of the DEA/AC samples. However, the pore size of the 10% DEA/AC adsorption material was larger because the DEA was adsorbed and fully covered the AC micropores. The modified adsorbents DEA/AC are classified as mesopores, having a pore size > 2 nm, and these pores formed when dehydration is carried out with acid because activation is considered to have resulted in more active pore sites. From BET-CO2 method, it was shown the AC with amine functionalisation has higher physical adsorption capacity per unit surface area (g/m2). However, there was no significant difference for higher loadings of amine to the adsorption capacity. FTIR results showed no chemical change of AC-supported amines after CO2 adsorption and contribute ease CO2 desorption.
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ABSTRACT: The degradation of sugars into less desirable compounds such as acetic acid and furfural are common during acid hydrolysis. The aim of this study was to evaluate the variables of pH, concentration of acetic acid and furfural on the production of xylitol utilising Kluyveromyces marxianus ATCC 36907 by employing full factorial design. The ANOVA results showed that at the 95% confidence level all three factors and interactions of initial pH of fermentation with acetic acid and furfural concentration were significantly affect the xylitol yield. The results of this experiment were fitted with the second order polynomial regression to relate the yield of xylitol and the independent variables. The fitted model showed a good agreement between the observed and predicted value of xylitol yield by Kluyveromyces marxianus ATCC 36907. The xylitol yield for bioconversion of detoxified dilute acid OPF hydrolysate was 0.29 g/g of xylose with the presence of 4 g/L of acetic acid and 0.5 g/L furfural. The fermentation process was carried out at initial pH 6.5. Results of these experiments indicated that the regression model equation was a valid method to evaluate the relationship of response and independent variables and to predict the xylitol yield based on the composition of major inhibitors present in the dilute acid oil palm fronds (OPF) hydrolysate.

Keywords: Full factorial design, pH, acetic acid, furfural, xylitol


1.          INTRODUCTION

Xylitol is a five-carbon sugar polyol, which is widely applied as a sugar substitute in the food, pharmaceutical and dental industries, as it has multiple properties, such as sweetness with low caloric content and inhibition of dental carries.1 The global xylitol market is estimated to be USD $340 million per year and is expected to increase up to USD $540 million per year within 3 years.2 By 2020, the global market for xylitol is estimated to reach 242,000 metric tons valued at just above USD $1 billion.3 Presently, European countries and China have been focusing on the production of xylitol particularly from the abundant renewable resources of lignocellulosic biomass (LCB) such as from corncob and birch trees which consist of cellulose, hemicellulose and lignin.4–6

Xylitol is currently manufactured chemically through the reduction of D-xylose derived from hemicellulosic acid hydrolysis of biomass materials in the presence of Raney nickel catalysts.7,8 The LCB is a highly promising alternative carbon source which is potentially sustainable, renewable, and offering low cost and low environmental impacts.4,9,10 Lignocellulosic biomass consisting of three main components, cellulose (45%–55%), hemicellulose (25%–35%) and lignin (20%–30%) is considered as an excellent feedstock for the chemical synthesis since there is no food value attached to it.9,11 Generally, LCB can be categorised mainly into agricultural wastes, energy crops, and forestry residues.12 In order to overcome the recalcitrance and alter the structural hindrance of LCB for effective digestibility and component utilisation, a pretreatment stage is often required.13,14

The feasibility of LCB as feedstock for xylitol production has been explored worldwide depending on the availability of this biomass and the hydrolysis treatment applied. In Malaysia, the generation of oil palm plantation is estimated to be around 73.74 million tonnes of biomass annually and OPF is the most abundant biomass in the oil palm plantation.15–17 The interest to discover the potential of OPF as a renewable source of sugars for biochemical productions was due to the presence of glucose and xylose as the major monosaccharides in OPF, which are believed suitable to be adopted in various fermentation processes.

Autohydrolysis, steam explosion and hot compressed water have been reported used to rupture the lignocellulosic structure and solubilise the hemicelluloses sugars.5,18–20 In addition, dilute acid hydrolysis is a favourable and common method for the conversion of hemicelluloses to hexoses. Acidic hydrolysate of hemicellulose comprises a complex mixture of components which have been recognised as fermentation inhibitors, such as organic acid (acetic, formic and levulinic acid), furan derivatives (furfural and 5-hydroxymethylfurfural) and phenolic compounds.21,22 Consequently, the necessitating complicated detoxification of the lignocellulosic hydrolysate or the use of an inhibitor-tolerant microorganism is usually required for effective hydrolysate fermentation.23 In addition, the concentrations of these inhibitory by-products in the hydrolysates could be reduced by pH alteration in fermentation process.24

During acid hydrolysis, sugars can be degraded to furfural which is formed from pentoses as a result from severe condition of high temperature.13,25 Acetic acid is liberated upon solubilisation and hydrolysis of hemicellulose of the acetyl groups in the hemicellulose.26 Those compounds are being categorised as having pronounced toxicity towards microorganisms.27 Ping et al. investigated the correlation between acetic acid and pH performed at elevated pH levels of 5–7 for xylitol fermentation by C. tropicalis CCTCC M2012462 using non-detoxified corncob hemicellulose acid hydrolysate.23 The results indicated that the un-dissociated form of acetic acid would decrease as pH increases.

In recent review, the effects of these variables on the hydrolysis of some types of lignocelluloses such as corncob, olive tree cuttings, and sugarcane bagasse have been studied.23,28–30 However, the use of extent data can be difficult on a specific type of lignocellulose because these variables are not identical since they vary from one lignocellulosic material to another. Nevertheless, the levels of tolerance of microorganisms to toxic compounds differ according to the strain and cultivation conditions and the effects of these compounds on xylose to xylitol bioconversion have not been deeply investigated.31 Therefore, it is a worthwhile study to establish the suitable fermentation condition, i.e., pH corresponding to maximum concentration of each toxic compound that present in the hemicellulosic hydrolysate, for a particular microorganism.

The main objective of this study was to develop a model which could predict the xylitol yield as a function of variables selected. In this study, factorial design was used to determine the significant factors of pH and inhibitor compounds in fermentation process to produce xylitol by K. marxianus ATCC 36907. The developed regression model took into account all possible combination of effects over the response.


2.          EXPERIMENTAL

2.1        Raw Materials

OPF were collected from the oil palm estate located nearby Universiti Kebangsaan Malaysia, Selangor, Malaysia. The OPF was pressed mechanically using a conventional sugarcane juice presser to remove the juice. The OPF bagasse was air-dried until the moisture content dropped. The pressed bagasse was then sun-dried for up to 5 days until the moisture content was approximately 10% (w/w). Dried OPF bagasse was then ground to a particle with diameter size of 2 mm using a cutting mill (Synthetic: Pulverisette19, Fritsch, Germany). The shredded sample was sieved through 0.5 mm mesh to remove the powdery particles. The sample was then dried further to constant moisture content below 10% (w/w).17

2.2        Dilute Acid Hydrolysis

The raw materials were oven dried at 45°C overnight to ensure low moisture content (less than 10%). Initially, 10 g dry weight of solid OPF and 100 mL of 4% (v/v) nitric acid (HNO3, 68%, J. T. Baker) were mixed together. Nitric acid was chosen for the hydrolysis of OPF due to its efficient to fractionate hemicellulose as claimed by previous studies.25,32,33 The hydrolysis was performed in an autoclave at 121°C for 30 min. The liquid hydrolysate fraction obtained was adjusted to pH 6.5 + 0.5 with CaCO3 powder and filtered to eradicate precipitate particles. The amount of concentration of sugars, acetic acid and furfural presented in the liquid hydrolysate were quantified.

2.3        Production of xylitol using Kluyveromyces marxianus ATCC 36907

The K. marxianus ATCC 36907 was cultivated in a liquid medium consisted of 30 g/L xylose, 20 g/L yeast extract, 2.0 g/L (NH4)2SO4 and 0.1 g/L CaCl2.H2O of pH 5.5 at 30°C with shaking at 200 rpm for 24 h for inoculum purpose. The production of xylitol medium containing 30 g/L xylose and 2.5 g/L glucose and with additional supplements of 5.0 g/L peptone, 3.0 g/L yeast extract, 2.0 g/L (NH4)2SO4 and 0.1 g/L CaCl2.H2O were conducted in 250 ml Erlenmeyer flasks with a working volume of 100 ml.34 Each flask was inoculated with 10% (v/v) inoculum of total working volume. The culture was incubated at 30°C with an agitation speed of 200 rpm for 96 h. The initial pH of the fermentation and the concentration of acetic acid and furfural were adjusted according to the various range in Table 1. For the validation of model purpose, the amount of synthetic acetic acid and furfural used was based on the concentration quantified from the liquid HNO3 hydrolysate (2.2) and the initial pH of fermentation was adjusted accordingly. All experiments were performed in triplicate.


Table  1:      Values of coded factors used for the experimental design.



	Factors
	Coded symbols

	Actual levels of code factors




	–1

	0

	1




	pH
	X1

	5.5

	6

	6.5




	Acetic Acid
	X2

	0

	2.5

	5




	Furfural
	X3

	0

	0.75

	1.5





2.4        Analytical Method

2.4.1        Sugar and inhibitor concentrations

Sugars (glucose, xylose and arabinose), acetic acid, xylitol and ethanol were quantified using high performance liquid chromatography, HPLC (UltiMate 3000 LC system, Dionex, Sunnyvale, CA). The eluted monosaccharides were detected by a refractive index (RI) detector (RefractoMax 520, ERC, Germany) set at 40°C. Sugar analyses were performed using Rezex RPM-Monosaccharide column (300 mm × 7.8 mm; Phenomenex, USA), with a guard column (50 mm × 7.8 mm). The sample injection volume was set at 20 µL. Furfural concentration was also measured by HPLC on an Agilent 1100 series with HPLC system (California, USA) with an Ultraviolet-Diode Array Detector (UV-DAD) set at 220 nm, equipped with Gemini C-18 column (Phenomenex, USA). The column temperature was maintained at 40°C. The mobile phase consists of 20mM sulphuric acid/acetonitrile (1:10) at a flow rate of 0.8 ml/min with an injected sample volume of 20 µl. Each of the mobile phases was vacuum filtered and degassed. Standard curves were generated using different concentrations of mixed sugars, acetic acids and furfural.

2.4.2        Experimental design and statistical analysis

The design for 22 runs and the actual variables assigned for each run are shown in Table 2. The Minitab (Version 17, Minitab Inc. USA. 2016) was used for analysis of design and generating the contour plots. The factorial design composed of 3 factors, 1 block, 1 replicates and 22 total run. Regression analysis was used to determine the effective factors and to study the interaction effects between these factors. In analysing the results of the experiment, regression analysis with multiple regression equations was developed. These experiments were performed in triplicates and the average value of xylitol yield (g/g) over substrate was analysed by multiple regressions to fit the model Equation 1:

[image: art]

where,

Y = predicted value of Yp|s (g/g),

β0, βi, βj, = regression coefficient of the model, and

xixj = independent variables


Table  2:      Full factorial design of three independent factors with predicted and experimental values for xylitol yield (Yp|s).



	
	
	
	
	YP|S (g/g)




	Run Numbers

	X1
pH

	X2
Acetic acid (g/L)

	X3
Furfural (g/L)

	Observed

	Predicted




	1

	6.00

	2.50

	0.75

	0.22

	0.22




	2

	5.50

	0.00

	1.50

	0.04

	0.03




	3

	6.50

	5.00

	1.50

	0.17

	0.18




	4

	5.50

	5.00

	0.00

	0.19

	0.19




	5

	6.00

	2.50

	0.75

	0.21

	0.22




	6

	6.50

	0.00

	0.00

	0.29

	0.29




	7

	6.50

	0.00

	1.50

	0.15

	0.15




	8

	5.50

	0.00

	0.00

	0.45

	0.44




	9

	6.00

	2.50

	0.75

	0.21

	0.22




	10

	5.50

	5.00

	1.50

	0.12

	0.12




	11

	6.50

	5.00

	0.00

	0.38

	0.37




	12

	5.50

	5.00

	0.00

	0.19

	0.19




	13

	6.50

	5.00

	0.00

	0.37

	0.37




	14

	6.50

	5.00

	1.50

	0.19

	0.18




	15

	6.00

	2.50

	0.75

	0.21

	0.22




	16

	6.00

	2.50

	0.75

	0.22

	0.22




	17

	5.50

	0.00

	1.50

	0.03

	0.03




	18

	5.50

	0.00

	0.00

	0.44

	0.44




	19

	5.50

	5.00

	1.50

	0.12

	0.12




	20

	6.00

	2.50

	0.75

	0.22

	0.22




	21

	6.50

	0.00

	1.50

	0.15

	0.15




	22

	6.50

	0.00

	0.00

	0.30

	0.29





X1 = pH; X2 = Concentration of acetic acid; X3 = Concentration of furfural


3.          RESULTS AND DISCUSSION

3.1        Experimental Design Analysis of Xylitol Yield

A full factorial design with 3 levels for 3 factors was applied to study the effects of pH and inhibitors compounds for the xylitol production by K. marxianus. The range of each variable is presented in Table 1. A total of 22 runs with combination of independent variables of pH, concentration of acetic acid and furfural were conducted. Table 2 shows the observed and predicted result corresponding to the response assigned. The yield of xylitol varies from 0.03 to 0.45 g/g suggesting prevailing role of pH and inhibitor compounds on fermentation performance. The results of this experiment were fitted with the following second order polynomial regression equation (Equation 2) with an empirical relationship between the parameters and the xylitol yield.
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where,

Y = predict value of Yp|s (g/g),

x1 = pH,

x2 = concentration of acetic acid (g/L), and

x3 = concentration of furfural (g/L)

The statistical significance of the regression model was determined from the analysis of variance and F-test for the response model as summarised in Table 3. The R2 value of 99.7% of the total variation suggested a higher significance and reliability of the model. The determination coefficient of adjusted R2 (99.5%) was also high to indicate that the regression model has a good relationship between independent and response variables.35 The F-value was used to quantify the variation in the data with respect to the mean. The F-value and the probability value [(P>F) = 0.005] manifested by the model was highly significant which in turn shows the model was suitable for this experiment. The high F-value implies that the regression models derived from the factorial design could adequately be used to predict the response. The significance of each of the coefficients in the models can be checked by P-values (P<0.005) may indicate the patterns of the interaction strength of each variables.36 It can be noted (Table 3) that the main and interactions effects are significant on xylitol yield (P<0.05).


Table  3:      Analysis of variance for the response function of Yp|s by regression analysis and their significance values from ANOVA.



	Variance source
	Degree of freedom

	Sum of squares

	Means of square (variance)

	F value

	Probability>F (α = 0.05)




	Regression
	8

	0.264

	0.033

	486.98

	0.000




	Linear

	3

	0.180

	0.060

	886.94

	0.000




	Square

	3

	0.046

	0.046

	224.29

	0.000




	Interaction

	1

	0.038

	0.038

	562.02

	0.000




	Residual error
	13

	0.001

	0.000

	–

	–




	Lack-of-fit

	8

	0.000

	0.000

	1.55

	0.355




	Pure error

	4

	0.000

	0.000

	–

	–




	Total
	21

	0.264

	–

	–

	–





Coefficient of determination R2 = 0.9967; Adjusted R2 = 0.9946

3.2        Effect of pH, Acetic Acid and Furfural Concentration on Xylitol Production

The xylitol yield was recorded within the range 0.03 to 0.44 g/g of substrate consumed. The maximum xylitol yield of 0.45 g/g could be achieved with the medium containing no acetic acid and furfural at pH 5.5 which was close to the predicted value (0.44 g/g) obtained from the regression model. An increase in pH from 5.5 to 6.5, led to decrease up to 39% on the xylitol yield in the similar condition without the presence of inhibitors. It is known that the presence of acetic acid and furfural concentration negatively affect the bioconversion of xylose into xylitol.29,37 Meanwhile, the pH had a significant influence mainly on acetic acid presence in the fermentation medium.

The regression equation (Equation 2) was used for 2D contour plots generation to evaluate the interactions variables at different conditions. Each contour in Figure 1(A), (B) and (C) represent the effect of two independent variables with respect to the response which the third variable was hold at a constant value. At pH 6.0 with various concentration of acetic acid and furfural, the average xylitol yield was approximately 0.2. Referring to Ping et al., the optimum pH for xylitol production with non-detoxified hydrolysate from corncobs as substrate by C. tropicalis CCTCC M2012462 was 6.0 and the yield obtained was 0.61 g/g.23 In this study, an increase pH condition of 6.3 to 6.5 was favourable for the xylitol yield (0.2 to 0.5 g/g) for high concentration of acetic acid from 2.5 g/L to 4.8 g/L. This result suggested that the concentration of undissociated acetic acid decreased with high fermentation pH.26 The high pH condition was preferable to lower the undissociated form of acetic acid and eventually inhibit the acetate formation and reduce the inhibition of acetic acid on microbial growth.23,38 Silva et al.39 reported similar evidence explaining the effect of pH and acetic acid on xylitol yields. In addition, Cheng et al.38 found that xylose consumption using C. tropicalis W103 strain was not affected by acetic acid when its concentration was lower than 2 g/L.
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Figure  1:      Contour plots on xylitol yield at variables were hold at (A) furfural = 0.75 g/L, (B) acetic acid = 2.5 g/L and (C) pH = 6.



Xylitol yield under elevated pH conditions decreased dramatically when the concentration of furfural further increased as depicted in Figure 2(B). Beyond the 1.5 g/L, the xylitol yield was strongly inhibited especially at very acidic condition (pH less than 5.75) in mixture of glucose and xylose as carbon sources in the fermentation. The inhibitory effect of furfural decreased when the xylose was solely the main carbon source in fermentation.31 Mussatto et al.40 reported that furfural was only toxic to the microorganisms when their concentration was higher than 1 g/L. On the other hand, the interactions of furfural and acetic acid concentrations on xylitol yield are shown in contour plot of Figure 1(C). It is noted that the xylitol yield decreased linearly as the concentration of acetic acid and furfural increased. These significant interaction effects implied that the effect of inhibitor played a major role in xylitol production. The presence of the acetic acid and furfural in various concentrations had unfavourable effect, which indicates that increasing concentrations of these compounds had much influence on xylitol production. Acetic acid and furfural were categorised as major toxic compounds due to pronounced lethal on the microbial metabolism.41,42 These results suggest that a keen detoxification strategies are needed to reduce the inhibition caused by acetic acid and furfural when carrying out a hydrolysate fermentation of OPF after dilute acid pretreatment.43

3.3        Validation of Model

Further studies on the optimisation of xylitol yield were conducted based on the conditions predicted by the MINITAB software. The fermentation conditions of temperature (30°C) and agitation (200 rpm) were held constant for each run of different pH assigned. The concentration of acetic acid and furfural quantified from the liquid acid hydrolysate were 4 g/L and 0.5 g/L, respectively. The predicted and observed value of Yp|s at different level of pH was presented in Figure 2. In this work, the xylitol yield was found to be 0.43 g/g and was close to the predicted optimum value obtained from the model (0.45 g/g) and xylitol concentration of 10.8 at pH 5.6 without the presence of acetic acid and furfural compounds. At pH 6.5, the highest yield of xylitol (0.33 g/g) with maximum concentration of xylitol at 7.3 g/L was obtained in the presence of both acetic acid and furfural compounds. The dissociated form of acetic acid might be uphold as it could be formed when undissociated form of weak acids such as acetic acid was liposoluble and diffuses into the cytoplasm where the pH was almost neutral which this explained the similarity phenomena at pH 6.5 in this study.26 However, the yield of xylitol decreased up to 44% upon pH 5. The severe condition of fermentation in acidic level may inhibit the microbial growth at very high concentrations of acetic acid since the energy reserves of the cell for maintenance are depleted, resulting in acidification of the cytoplasm and cell death.44
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Figure  2:      The observed and predicted value of xylitol yield over substrate (Yp|s) and xylitol concentration at various pH (“*” denotes without presence of acetic acid and furfural compounds.)



4.          CONCLUSION

Statistical study of xylitol production from dilute acid oil palm fronds (OPF) hydrolysate could overcome the limitation of fermentation process due to presence of inhibitor compounds from the acid hydrolysis process. The interactive effects of pH, acetic acid and furfural concentration were determined to be significant. Validation experiment verified the accuracy of the model. With the amount of acetic acid and furfural from the hydrolysate in fermentation at pH 6.5, the optimum yield of xylitol was 0.33 g/g of xylose which was close to the predicted value (0.29 g/g). This study provides beneficial reference for the optimisation of xylitol yield in corresponds to the effect of pH, acetic acid and furfural compounds.
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ABSTRACT: In this study, the tribological behaviours of graphene nanoparticles as lubricant additive in vegetable oil were investigated as a function of nanoparticle concentration. Graphene nanoparticles were added at 25 ppm, 50 ppm and 100 ppm as additive into vegetable oil as lubricant through hydrodynamic and acoustic cavitation as homogenising mechanism. The tribological properties of each homogenised solution were tested using a four-ball machine according to ASTM D4172. Wear scar diameter and friction coefficient were the determining parameters in this study. The results showed that 50 ppm is the optimum concentration that recorded the lowest wear scar diameter and friction coefficient as compared to control sample.

Keywords: Lubricant additive, hydrodynamic cavitation, coefficient of friction, graphene, vegetable oil


1.          INTRODUCTION

Over the past decades, numerous studies have been carried out on the effect of different nanoparticles in lubricant. The five major groups of nanoparticles added to lubricant are metal,1,2 metal oxide3,4 metal composite,5,6 boron-based7,8 and carbon-based nanoparticles.9–13 In general, the majority of the studies accepted that nanoparticle plays a role in improving tribological properties by forming a tribofilm that is deposited between the contact surfaces.14,15 Among all lubricant additives, graphene was chosen as lubricant additive in this study because of its excellent chemical and physical properties such as ultrathin structure, high thermal stability, ultra-smooth surface and ultimate mechanical strength.16

Meanwhile, due to increasing awareness among the community of environmental pollution by petroleum-based oils, many researchers had switched their attention to vegetable oil (VO) which is more environmental friendly. Usage of vegetable oil is recommended because it is renewable, biodegradable and nontoxic in nature. It also possesses the properties required for lubrication, including excellent lubricity, high flash point and viscosity index.17 Therefore, VO was selected as lubricant in this study.

Over the past years, acoustic cavitation (AC) had been widely preferred for nanoparticle homogenisation process. For instance, Mahbubul et al. demonstrated that AC managed to produce better particle dispersion, smaller aggregate sizes, and higher zeta potential after dispersing Al2O3 nanofluid using ultrasonic horn for 3 h.18 Besides, Arumugam and Sriram also agitated their TiO2 nanofluid by using AC at room temperature for 3 h to ensure uniform dispersion and good suspensions stability.19

Meanwhile, Yu et al. prepared AIN-ethylene glycol and AIN-propylene glycol nanofluids by using stirring and AC for 3 h. Their results showed that average particle sizes of their nanofluids was 165–169 nm.20 Meanwhile, hydrodynamic cavitation which exhibited similar effect as acoustic cavitation21 was commonly used to intensify various physical/chemical process operations.22 Both cavitations underwent three steps, which are bubble generation, bubble collapse and energy release. The collapse of bubbles created high energy release that can effectively break the cluster of nanaoparticles and assist in deagglomeration process of particle clusters.23 The difference between acoustic and hydrodynamic cavitation was shown in Table 1.


Table  1:      Differences between acoustic cavitation and hydrodynamic cavitation.



	Type of cavitation
	Acoustic cavitation
	Hydrodynamic Cavitation



	Mechanism to generate cavities
	Cavitation is formed by pressure variations in the liquid which are induced by using sound waves (16 KHz–100 MHz)
	Cavitation is produced by pressure variations which is obtained using geometry of the system creating velocity variation



	Operation
	Set frequency and duration for ultrasonic wave, by using ultrasonicator probe or ultrasonic bath
	Controlling flow rate and pressure drop by using venturi or orifice plate



	Benefits
	Cheaper, set-up is simple, easy to control and monitor
	Energy efficient, easy to scale up




 

However, to the extent of authors' knowledge, not much study had been carried out on hydrodynamic cavitation homogenisation process. There has been few to no literature reported on the combination of both AC and HC method for the homogenisation of nanoparticles. Therefore, in this study the authors explore the homogenisation process by using a combination of hydrodynamic cavitation and acoustic cavitation method.

2.          EXPERIMENTAL

2.1        Materials

Graphene nanosheet powder and vegetable oil were provided by Scomi Platinum Sdn. Bhd., a local company which manufactures high performance chemical products. The physical properties of nanosheets were shown in Table 2 below.


Table  2:      Physical properties of graphene nanosheets.



	Physical Properties
	Value




	Density
	0.23




	Carbon Content (%)
	67–75




	X-Y Dimensions (µm)
	0.06–0.1




	Z Dimension (µm)
	0.005–0.01




	Oxygen (%)
	25–35




	BET surface area (m2/gm)
	150






2.2        Lubricants

In this study, oil palm based VO was used as lubricant. VO was provided by Scomi Platinum Sdn. Bhd. The physical properties of VO were shown in Table 3.


Table  3:      Physical properties of VO.



	Physical Properties
	Value

	Method




	Pour Point
	–24°C

	ISO 3016: Determination of pour point



	Flash Point
	235°C

	ISO 2592: Determination of flash and fire points-Cleveland open cup method



	Density
	886 kg/m3

	ISO 12185: Crude petroleum and petroleum products-Determination of density-Oscillating U-tube method



	Kinematic viscosity
	68 mm2/s (40°C)
1040 mm2/s (0°C)
8.6 mm2/s (100°C)

	ASTM D445-06
Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids




2.3        Experiment Apparatus

The experiment setup was illustrated in Figure 1. It consists of a hydrodynamic cavitation unit, pressure gauge, pressure pump and a stirrer.
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Figure  1:      Schematic diagram of experiment setup of hydrodynamic cavitation unit.



2.4        Experiment Procedure

Graphene nanosheets were added to VO at 25 ppm, 50 ppm and 100 ppm respectively and homogenised using acoustic cavitation and hydrodynamic cavitation. Three graphene nanofluid samples at different concentrations were prepared in this study. Orifice plate with internal diameter of 1 mm was used in the hydrodyanamic cavitation unit. Each sample was circulated in HC unit for 1 h followed by acoustic cavitation using Brandon 8510E Ultrasonicator, at 320W and 40 kHz for 1 h. A stirrer was inserted into the storage tank and operated continuously at 300 rpm to mix continuously. The pressure pump was operated at flow rate of 1.5 m/s, orifice pressure of 10 bar, with open–ended tank of atmospheric pressure.

2.5        Four-ball Test

VO and three prepared nanofluids were tested under ASTM D4172 Wear Preventive Characteristics of Lubricating Fluid (Four-Ball Method) using DUCOM four-ball tribotester. Four-ball test is a standard test used to determine the relative wear preventive properties and load bearing capacity of lubricating fluids in sliding contact under the prescribed test conditions. Four-ball test was also used by Syahrullail et al. to measure the friction coefficient value and wear scar diameter produced by pure mineral oil and mixture of palm oil in mineral oil.24 Zhao et al. also utilised four-ball test incorporated with pin on disc tester to study the effect of zinc borate as lubricant additive in sunflower oil.25

In the four-ball test, three 12.7 mm diameter steel balls were clamped together and covered with the lubricant to be evaluated as shown in Figure 2.26 By rotating the top ball against three bottom ball at operating condition of 1200 rpm, 75°C, 392N for 1 h, wear scar will be produced on the contact surfaces on balls, and the average coefficient of friction between the contact surface was recorded using software, Winducom 2010. The setup of four ball tribotester was described by Ing et al.27
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Figure  2:      Schematic diagram of four balls set up in the experiment.




2.6        Wear Scar Diameter

After each four ball-test, wear scar was produced on the surface of the steel balls. The wear scar produced on each used ball was observed under an optical microscope attached with computer. With the aid of dimension software, the image of the wear was captured and its diameter was measured as shown in Figure 3. In the four-ball test, the wear scar is measured in a single direction where the average reading of wear scar diameters produced at each ball respectively was calculated and recorded.
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Figure  3:      Wear scar diameter measured on one of the used balls.



3.          RESULTS AND DISCUSSION

3.1        Suspension Stability

Figure 4(a) shows that graphene powders floated temporary in VO after mixing through acoustic and hydrodynamic cavitation. Graphene powders eventually settle when left undisturbed for 24 h as shown in Figure 4(b).
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Figure  4:      Illustration of (a) homogenised graphene nanofluid at 100ppm after cavitation; and (b) remarkable graphene sediments after left undisturbed for 24 h.



The aggregate size of nanoparticles agglomerates was estimated by using Stoke's sedimentation formula28 as below:
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where,

l = height of the nanofluid (m),

μ = dynamic viscosity of oil (kg/m.s),

ρp = particle density,

ρs = Liquid density (kg/m3),

G = gravitational constant (m/s2), and

T = settlement period (s)

By substituting the parameters into the equation, the estimated radius of agglomerates size achieved is 1.5 × 10–4 m. From this result, it was proven that the nanoparticles had agglomerated into larger agglomerates which in turn caused poor suspension stability. Due to limited stability of graphene added VO nanofluids, 25 ppm, 50 ppm and 100 ppm graphene nanofluids were directly sent for four-ball test after mixing.


3.2        Friction Coefficient and Wear Scar Diameter

Figures 5 and 6 show the trend of friction coefficient (COF) and wear scar diameter (WSD) with respect to increment of graphene concentration at 25 ppm, 50 ppm and 100 ppm. Both COF and WSD decrease with increasing graphene concentration until 50 ppm, further increment to 100 ppm of graphene leads to remarkable increase in friction coefficient and wear, even higher than pure VO. Since graphene nanosheets have a planar structure, they can slide easily between the contact surfaces and sliding can help reduce friction between contact surfaces. However, addition of overloaded graphene resulted in aggregation and stacking, leading to increment in wear and friction between the surfaces.
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Figure  5:      Friction coefficient of VO, VO + 25 ppmG, VO + 50 ppmG, and VO + 100 ppmG.
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Figure  6:      Wear scar diameter of VO, VO + 25 ppmG, VO + 50 ppmG and VO + 100ppmG.




Similarly, Eswaraiah et al. found that by adding optimum amount of 0.025 wt% graphene, lowest COF and WSD were recorded.29 In their study, initially COF and WSD decrease with increasing graphene concentration until its optimum concentration is reached. Further increment in graphene concentration also leads to detrimental impact towards lubricating properties. Therefore, addition of 50 ppm graphene into VO is the optimum concentration recommended in this study.

4.          CONCLUSION

In conclusion, addition of graphene into vegetable oil showed improvement in tribological properties by reducing friction coefficient and wear scar diameter. The results showed that 25 ppm and 50 ppm graphene can reduce friction coefficient and wear scar diameter as compared to pure VO. However, addition of up to 100 ppm resulted in aggregation and stacking, thus leading to higher friction and wear as compared to pure VO. Therefore, addition of 50 ppm is recommended as optimum concentration for VO based on this study. However, suspensions stability of graphene in VO only lasted for 24 h. Hence, surface modification of graphene can be proposed as future work to improve its miscibility with VO. Also, future works involving synthesis and characterisation of graphene are needed to have better understanding on its surface which is the key to understand its tribological properties.
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ABSTRACT: Fatty acids are important preliminary materials in biochemical industrial process. Alkaline hydrolysis process is known to be the easiest and fastest way to achieve maximum fatty acids yield. In this study, impact of microwave irradiation assistance on structural characterisation of fatty acids produced from Jatropha curcas oil using alkaline hydrolysis applied in production of fatty acids was verified using nuclear magnetic resonance (NMR) analysis and compared with standard oleic acids. Other physical properties such as free fatty acid, viscosity, density, cloud point and flash point were studied. 1H-NMR and 13C-NMR spectra showed similar structure for both synthesised fatty acids and standard oleic acids with a significant difference in carbon and proton length. The physical properties are also in good agreement for both fatty acids. These findings emphasise that alkaline hydrolysis process under the assistance of microwave irradiation did not change the properties of fatty acids but enhanced the fatty acids production to about 97 wt% with shorter reaction time of 15 min.

Keywords: Fatty acids, microwave assisted heating, 1H-NMR, 13C-NMR, Jatropha curcas


1.          INTRODUCTION

Studies on the application of microwave technology to improve conventional processes are on the rise. According to Oghbaei et al., since 1980s, microwave irradiation has been progressively replacing the conventional heating method and broadening the toolbox of chemistry, physics and material science.1 Conventional heating is a way to produce fats and oil products such as bio-diesel and fatty acids. However, as mentioned by Olabemiwo et al., this method appeared to be inefficient and time consuming due to the fact that the conventional method transfers energy from the shell of reaction vessel into the core of reaction system media and thus, leading to a large amount of energy and contributing to slower process kinetic.2 As reported by Cristina and Paolo, microwave irradiation has become a worldwide popular heating method to substitute the conventional method because it is proven to be clean, convenient, and most importantly, it produces higher yields and can be applied in a shorter reaction time.3 In polar medium, microwave irradiation transfers energy from core to the shell and throughout the process, the sample itself will generate heat on its own through penetration of microwave irradiation. Therefore, the process is expected to shorten the reaction time due to transfer of heat directly to the reactant.

Jatropha curcas oil is one of the most important seed oils as it contains high percentage of free fatty acids, thus enabling high potential for fatty acid and bio-lubricant productions. Literature on Jatropha curcas oil utilisation is increasing by years as the potential of Jatropha oil is intensely explored. Lin et al. found that using microwave irradiation with ionic liquid as the catalyst could lead to the Jatropha bio-diesel with yield of 98.5 wt.% methyl esters at milder experiment condition.4 Melo-Junior et al. explored the pre-treatment of fatty acids under microwave irradiation to promote non-catalytic esterification of oleic acid under a relatively high temperature and yield up to 60% conversion in 60 min of reaction.5 Both studies emphasised that the fast heating rate in microwave irradiation was responsible for the result enhancement as compared to conventional heating. They show that under the microwave irradiation, the pre-treatment may be considered as an effective and feasible method for sample production.

The common fatty acids present in many vegetable oils are mainly oleic, linoleic, and linolenic acids. Inekwe et al. found that the fatty acid structure is the major factor that influences their chemical and physical properties and strongly affects the use of oils as bio-lubricants and bio-diesel.6 There are various methods in determining these fatty acids such as gas chromatography and high performance liquid chromatography. The common method is gas chromatography but the samples have to be converted to corresponding methyl esters prior to the analysis. Besides, the spectroscopic methods are useful for the sample confirmation as it is not heat sensitive. As studied by Knothe and Kenar, these fatty acids can be quantified by using 1H-nuclear magnetic resonance spectroscopy (1H-NMR).7

Despite previous research on application of microwave irradiation in bio-fuel and bio-refineries area, the use of microwave irradiation in an alkaline hydrolysis process for the fatty acid production has not yet been extensively addressed. In this study, fatty acid synthesis from alkaline hydrolysis via microwave irradiation was conducted and comparative structural analysis with commercial fatty acids was investigated. Furthermore, the comparative studies with respect to their physiochemical characteristics were highlighted.

2.          EXPERIMENTAL

2.1        Materials

Jatropha curcas oil was used as feedstock and was purchased from Bionas Sdn. Bhd. Malaysia. Standard oleic acids were purchased from Sigma Aldrich (US) whilst commercial fatty acids from Glycerin Traders, LaPorte, US. Catalysts such as potassium hydroxide (KOH), phenolphthalein and sodium hydroxide were purchased from Merck (Germany). In addition, solvents such as isopropanol, n-hexane, ethanol, dried methanol, and toluene were obtained from Fisher Chemicals (UK).

2.2        Apparatus and Characterisation

Experiments were conducted in a microwave synthesis MARS 6 (CEM Corporation) with a working frequency of 2450 MHz and an output power level set at maximum setting of 1800 W and was performed in an open vessel fitted with a condensing system. Validation of fatty acids chemical structure was confirmed using 1H NMR and 13C NMR spectroscopy. All spectra were recorded using NMR Bruker AVANCE 400 MHz III operating at 400.17 MHz. The physical characterisations of Jatropha fatty acids for verification was analysed by acid value titration (AOCS Cd 3d-63) method, viscosity test using an Anton Paar DMA 5000 viscometer (ASTM D445), cloud and pour point measured by using CPP 5G'S following the ASTM D 2500 and ASTM D 97 while flash point analyser was done using a close-cup analyser (ISL, model) according to the test method ASTM D93 A, where liquid sample was heated under constant stirring at a steady rate of 5°C/min–6°C/min and the flash point was determined using an igniter at specified temperature intervals.


2.3        Microwave Assisted Experiment

The alkaline hydrolysis procedure was carried out according to Salimon et al. with some modifications in microwave irradation process.8 The experiment for this research work was performed totally in the microwave equipment, in contrast to Salimon et al.8 A solution containing Jatropha curcas oil and ethanolic KOH was mixed in a 500 mL reaction flask and reacted in a microwave synthesis reactor by setting the optimum parameters.9 The optimum parameters are temperature at 65°C, reaction time of 15 min, oil to solvent ratio of 1:68, 1.75 M concentration of ethanolic KOH. The reaction mixture was then acidified with 6N hydrocloric acid and then followed by a separation proces with hexane in order to recover the fatty acids. The fatty acids was then thoroughly washed with distilled water until neutral pH and dried with an anhydrous magnesium sulphate. The solvent was evaporated in a rotary vacuum evaporator to recover the fatty acids.

3.          RESULTS AND DISCUSSION

3.1        Microwave-assisted for Alkaline Hydrolysis Process

The alkaline hydrolysis process have successfully converted Jatropha curcas oil to fatty acids via microwave irradiation technique. The reaction scheme of this process is shown in Figure 1. The optimum parameters were selected based on our previous research work.9 Roberts and Strauss mentioned that an enhancement of reaction in microwave heating is achieved due to its circular motion wave that generates a complete heat transfer to the reactants.10 Hence, this induced the real reaction temperature higher than the average temperature of medium.

As described by Sajjadi et al., two movements are involved in the mechanism of base-catalysed ester hydrolysis.11 They consist of dipolar rotation (from polar group such as alcohol, triglyceride, etc.) and ionic conduction (from catalyst molecules such as K+OH-). These movements are significant in microwave irradiation as the efficiency of the reaction is based on the ability of liquids and solids to absorb and transform electromagnetic energy into heat. Given that the microwave is applied to reaction mixtures, the first movement involves dipole molecules continuously aligning themselves to an electric field. Subsequently, the molecule orientation will result in increase in friction and kinetic energy. The second movement is effected as the charge of molecule exposed to the electric field, resulting in the movement of ions back and forth through the sample, therefore generating the heat.
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Figure  1:      Reaction scheme of alkaline hydrolysis of Jatropha curcas oil.8



The effect of this molecular movement during the hydrolysis of ester from triglyceride (Jatropha curcas oil) chain is presented in Figure 2. The increase of the heat transfer in the system mainly influences the rate of ester chain breakage of the and thus creates an intermediate tetrahedral. This unstable intermediate reforms the carboxylic acid in the second step by an elimination of alkoxide group. Consequently, the alkoxide group takes place as a base to deprotonate the carboxylic acid. The carboxylic acid group is obtained through acidification with hydrochloric acid.

3.2        Physical Properties of SynthesiSed and Commercial Fatty Acids

The appearance of synthesised fatty acids from Jatropha curcas oil is yellowish while the commercial fatty acid is brown in colour. Physical properties of synthesised fatty acids of Jatropha curcas oil and comparison with commercial fatty acids are shown in Table 1. As shown in Table 1, almost 97 wt.% fatty acids are synthesised from alkaline hydrolysis through the microwave irradiation process. This value is substantially higher when compared to the commercial fatty acid that has been synthesised via a conventional approach and different precursors. Therefore, it highlights the successful conversion of triglyceride to fatty acids when applying the microwave technique and it can be justified by a faster rate of ester bond-breaking resulted from an exposure of the molecular charge towards the electric field.
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Figure  2:      Mechanism alkaline hydrolysis of Jatropha curcas oil.10




Table  1:      Comparison physical properties between synthesised and commercial fatty acids.



	Properties
	Units

	Free fatty acids




	This work

	Commercial




	Fatty Acids
	wt %

	97

	99




	Viscosity @ 40°C
	mPa·s

	16.79

	20




	Density @ 40°C
	g/cm3

	0.88

	0.91




	Cloud point
	°C

	–5.1

	14




	Pour point
	°C

	12

	10




	Flash point
	°C

	204

	190






 

According to Diamante and Lan, liquid viscosity is amongst the important characteristics because it will determine the quality of the fatty acids.12 In Table 1, it can be seen that the viscosity of synthesised fatty acids is 16.79 mPa.s and this value is in agreement with the data range reported by Noureddini et al. (17.7 mPa·s).13 Nevertheless, the viscosity of commerial fatty acids shows a slightly higher value as compared to the synthesised fatty acids in this study. The low viscosity obtained when applying the microwave irradiation processing may be attributed to a better absorption rate of polar solvent and lipids, and thus, resulting in an upgrading in reaction kinetics.

According to Esteban et al., if the relationship between density and viscosity is known then one only needs to measure the density of the respected oil to deduce its viscosity value.14 In this work, the values of viscosity and density of the synthesised fatty acids and commercial fatty acids are slightly different, and this scenario may be due to the difference in molecular chain length. Accordingly, the high value of commercial fatty acids implies that the carboxylic chain is extensively lengthy as compared to the synthesised fatty acids.

The cloud and pour point are significant parameters that can indicate the suitability of the particular fuel for low temperature applications. As reported by Reaume and Ellis, these properties will indicate the tendency of oil to plug the filter at cold operating temperature.15 The cloud point of synthesised fatty acids that is around negative 5.1°C signifies that it can be applied in cold operating condition, in contrary to the commercial fatty acids. Meanwhile, the pour point of synthesised fatty acids is 12°C which is slightly higher as compared to the commercial fatty acids.16 Both criterias indicate that the synthesised fatty acids can be used in low temperature applications. Nevertheless, criteria for the commercial fatty acids were chosen by end users depending on the targeted application.

Besides, flash point which is the minimum temperature for the sample to self-ignite is significant as it determines the safety during the transport, storage and handling. The flash point of the synthesised fatty acids that is around 204°C implies that it can be safely utilised at higher temperature conditions.

3.3        NMR Analysis

3.3.1        H-NMR spectra of synthesised fatty acids and standard oleic acids

The verification of the fatty acid structures was confirmed by 1H-NMR analysis in Figure 3, which shows a comparison in NMR spectra for the synthesised fatty acids with the standard oleic acids. Referring to Figure 3, the identical 1H-NMR spectra of synthesised fatty acids to standard oleic acids ascertains the high purity of the synthesised fatty acids. Figure 3 shows the characteristic signals at 0.8–0.9 ppm for methyl (-CH3) group proton, 1.0 to 1.8 ppm signal for methylene (-CH2) proton, 2.0 to 2.1 ppm signal for proton attached to allylic carbons corresponding to the Salimon et al.8 The allylic carbon arose from carbon attached to carbon double bonds (-H-C-C=CH) whereas the peak at 5.8 ppm arose from proton attached to carbon double bonds (HC=CH). Broad peak at 10 to 12.1 ppm corresponds to carboxyl groups as reported by Barison et al.17
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Figure  3:      Comparison of proton spectra of fatty acids between (a) synthesised and (b) standard oleic acids.



3.3.2        13C-NMR spectra of synthesised fatty acids and standard oleic acids

Previous research work by Amir et al. reported that determination of fatty acids could be done based on the proton decoupling in 13C-NMR.18 The proton decoupling consists of a set of single peak, wherein each carbon is attached to proton. Figure 4 displays the comparison in the carbon spectra between the synthesised and commercial fatty acids. The spectra consist of the alkane carbon (CH3) and then allylic and divinyl carbons (carbon attach to double bond carbon) at 20 to 40 ppm. Nevertheless, in spectrum (b), there are slightly difference in the peak number and it shows an additional alkane carbon. Similar phenomena occurs in spectrum (b) whereby an appearance of C=C at 120 to 140 ppm shows the additional double bond of carbon. On the other hand, the carbon for carboxylic acids (R-CO2H) appears at 180 ppm.
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Figure  4:      Comparison of 13C-NMR carbon spectra of fatty acids between (a) synthesised and (b) standard oleic acids.



4.          CONCLUSION

Fatty acids derived from alkaline hydrolysis via microwave irradiation technique was successfully synthesised in research study. The physicochemical characterisation was compared to commercial fatty acids to identify the conversion and quality of the fatty acids. Based on the physiochemical characteristics, it was proven that the synthesised fatty acids are equivalent to commecial fatty acids, except a slight difference in the chain length. The capability of microwave irradiation in alkaline hydrolysis may be due to better absorption rate of solvent and lipid, since both of them are polar in nature. Besides, the NMR analysis acknowledged identical composition between the synthesised fatty acids and standard oleic acids.
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ABSTRACT: In this study, fibre pressed oil palm frond (FPOPF) was introduced as the raw material for the production of glucose using Sacchariseb C6 to maximise the utilisation of oil palm waste. Sacchariseb C6 is a commercial cellulase blended enzyme from Advanced Enzymes Technology. In order to achieve maximum glucose production, a factorial analysis 25–1 using response surface methodology (RSM) was employed to screen the best enzymatic hydrolysis condition by varying the parameters such as agitation speed, enzyme loading, glucan loading, temperature and hydrolysis time. FPOPF was treated with 4.42% (w/v) of sodium hydroxide at 100°C prior to the enzymatic hydrolysis. Raw FPOPF consists of 40.7% glucan, 26.1% xylan, 26.2% lignin, 1.8% ash and 4.5% extractives. On the other hand, pretreated FPOPF consists of 61.4% glucan, 20.4% xylan, 13.3% lignin, 1.3% ash and 0.3% extractives. From this study, it was found that the best enzymatic hydrolysis condition yielded 33.01 ± 0.73 g/L of glucose when performed at 200 rpm of agitation speed, 60 FPU/mL of enzyme loading, 4% (w/w) of glucan loading, temperature at 55°C and 72 h of reaction time. The model obtained from RSM was significant with p-value <0.0001. It is suggested that this model had a maximum point which is likely to be the optimum point and possible for the optimisation process.

Keywords: Enzymatic hydrolysis, fibre pressed oil palm frond, sacchariseb C6, factorial analysis, response surface methodology


1.          INTRODUCTION

Lignocellulosic biomass (LCB) is one of the most abundant renewable biomasses comprising of cellulose, hemicellulose and lignin.1,2 Commonly, most of the agricultural LCB consists of about 10%–25% lignin, 20%–30% hemicellulose, and 40%–50% cellulose.3 However, the distribution of each component varies significantly between different plants.4 These differences may due to the different types of plant, sources, ages and others. Different geographic locations, climate, and soil conditions can also be the reasons for the variations in the chemical composition among them.5,6

In this study, fibre pressed oil palm frond (FPOPF) was introduced as a raw material where the hemicellulose and cellulose were converted into simple sugars. In order to improve the accessibility of cellulase enzyme on FPOPF, the structure of the lignocellulose must be broken down, i.e., by alkaline pretreatment. In alkaline pretreatment, the alteration of the lignin structure in biomass is achieved by degrading ester and glycosidic side chains of the biomass using alkaline solvent, leading to swelling as well as de-crystallisation of cellulose.7,8 Sacchariseb C6 which is a blended cellulase enzyme was used in enzymatic hydrolysis for the production of glucose by breaking down of cellulose molecule into simple sugar.

Therefore, this study aims to present a systematic study on the effect of simultaneous changes of synthesis conditions on glucose production using Sacchariseb C6 and thus, finding the best enzymatic hydrolysis condition using statistical approach of response surface methodology (RSM). Screening design was used to study potentially affective parameters by identify the dominant and significant factors contribute to the enzymatic hydrolysis.

2.          EXPERIMENTAL

2.1        Materials

Oil palm frond (OPF) was collected from a local palm oil plantation at Kuantan, Pahang, Malaysia. The OPF was pressed by using sugarcane machine to separate juices from the fibre. The FPOPF was dried under the sun for 2–3 days until constant weight. Then, FPOPF was shredded into pieces and sieved into particle size less than 2 mm. The dried FPOPF was stored in sealed plastic bag at room temperature. Enzymatic hydrolysis was carried out using blended cellulase enzyme namely Sacchariseb C6, an industrial grade commercial enzyme obtained from Advanced Enzyme Technology (India).


2.2        Compositional Analysis of FPOPF

FPOPF was characterised to determine the composition of glucan, xylan, lignin, extractive and ashes contents. The analysis was carried out according to National Renewable Energy Laboratory (NREL) methods.9–12 The compositional characterisation analysis was performed on both the untreated FPOPF and pretreated FPOPF.

Moisture content analysis was carried out using A&D MS70 moisture analyser (DSC, UK) while ash content analysis was conducted using a furnace at using muffle furnace at 575°C ± 25°C for 24 ± 6 h. The extractives content was measured using DIONEX ASE 350 (Thermo Scientific, USA) with water and ethanol as solvents for 30 min. The recovered water extract was analysed to determine the soluble sugar content in the FPOPF. Meanwhile, ethanol extracts were used to determine the ethanol extractive that includes chlorophyll, proteins fats and oils. Analysis on acid insoluble lignin and acid soluble lignin were determined using two-step acid hydrolysis. The acid insoluble material was determined using gravimetric analysis while UV–Vis spectroscopy was used to measure acid soluble lignin in FPOPF.13

2.3        Alkaline Pretreatment

Referring to Sukri and Rahman,7 the FPOPF sample was soaked in sodium hydroxide (NaOH) solution with concentration 4.42% (w/v).7 The sample was treated at 100°C for about 58.31 min. Then, the treated FPOPF was washed thoroughly with de-ionised water until turned to neutral. It was dried in the oven at 105°C and stored for further analysis.

2.4        Enzymatic Hydrolysis

Prior to the enzymatic hydrolysis, the moisture content of pretreated FPOPF should be less than 5%. The pretreated FPOPF (1%–4% w/v) was weighed using analytical balance and added into 20 mL scintillation vial containing 0.02% (w/v) sodium azide and 0.05 M citrate buffer at pH 4.8. Sodium azide was added to prevent microbial growth. Then, the mixture was pre-incubated at certain temperature (35°C–55°C) prior to the addition of enzymes. The enzymatic hydrolysis was then initiated by adding Sacchariseb C6 (20–60 FPU/ml) and Novozyme 188 (64 pNPGU/mL). The incubator shaker started to agitate at ranges 50 to 200 rpm. At the end of the hydrolysis (3–72 h), the samples were filtered for further analysis. Each experiment was carried out in triplicate.


2.5        Experimental Design

The experimental design for factorial analysis was performed using Design Expert 7.0.0 (Stat-Ease Inc., USA) software. Five independent factors as shown in Table 1 were analysed using RSM. The condition ranges chosen were based on the other researcher's previous work.14–17 The factors were constructed in half level factorial designs of 25–1 to screen their effect on the response of glucose production.


Table  1:      Parameters and their designated low and high value.



	Factor
	Units

	Low value (–1)

	High value (+1)




	A: Agitation speed
	rpm

	50

	200




	B: Enzyme loading
	FPU/mL

	20

	60




	C: Glucan loading
	%

	1

	4




	D: Temperature
	°C

	35

	55




	E: Reaction time
	h

	3

	72





 

The validation run for factorial analysis was carried by comparing the experimental values with the predicted model generated by Design Expert software. The condition for the validation run was obtained from the predicted best condition developed from 25–1 factorial design. The percentage of error was calculated using Equation 1.
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2.6        HPLC Analysis

The hydrolysate was determined using Agilent 1200 high performance liquid chromatography (HPLC) system equipped with refractive index (RI) detector. The column used was RHM Monosaccharide H+ column. Pure water was used as the mobile phase prepared using Milli-Q ultrapure water (Millipore, USA). The column temperature was maintained at 60°C. The flow rate of 0.4 mL/min and 5µL injection volume was used. Hydrolysate samples and standards were filtered using 0.22 µm syringe filter before HPLC analysis. The calibration curve was prepared with the ranges of 1 g/L to 40 g/L.


3.          RESULTS AND DISCUSSION

3.1        Composition of FPOPF

The characterisation of FPOPF was carried out for untreated and pretreated FPOPF according to NREL’s methods. Untreated FPOPF refers to the biomass without any pretreatment applied on it. Whereas, pretreated FPOPF refers to the biomass that undergoes alkaline pretreatment. The compositional analysis of both FPOPF were analysed in terms of glucan, xylan, lignin, ashes and extractives as shown in Table 2. The total structural carbohydrate content for untreated FPOPF was found to be 66.8% with 40.7% of glucan as the major structural carbohydrate followed 26.1% of xylan. Meanwhile, pretreated FPOPF shown 81.8% of total carbohydrates comprise of 61.4% glucan and 20.4% xylan. An increase of glucan but a reduction of xylan could be seen because of the outer layer was disrupted during alkaline pretreatment caused by partial removal of lignin and hemicellulose resulting exposure of cellulose fibers. Lower yield of lignin was observed after alkaline pretreatment which proved that alkaline pretreatment caused the delignification to occur.


Table  2:      Differences in composition of untreated and pretreated FPOPF.



	Composition
	Native FPOPF (%)

	Pre-treated FPOPF (%)




	Total carbohydrates
	66.8

	81.8




	Glucan
	40.7

	61.4




	Xylan
	26.1

	20.4




	Lignin
	26.2

	13.3




	Ashes
	1.8

	1.3




	Extractives
	4.5

	0.3





3.2        Screening of Enzymatic Hydrolysis

The experimental design of half level factorial analysis was carried out to determine the factors affecting production of glucose during enzymatic hydrolysis. These five factors include agitation speed, enzyme loading, glucan loading, temperature, and hydrolysis time. Table 3 clearly shows that the highest production of glucose was obtained at 33.01 ± 0.73 g/L where the conditions at 200 rpm of agitation speed with temperature of 55°C, 4% of glucan loading, and 60 FPU/mL of enzyme loading for 72 h in hydrolysis time.


Table  3:      Experimental design for factorial analysis with its response.
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3.3        Model Fitting

In factorial analysis, the contribution of the main factor gives an important effect in the optimisation. Two to three highest contributing factors will be selected from this factorial analysis for the optimisation part later. All five factors (A, B, C, D and E) gave a positive effect (refer to orange bar chart) to the production of glucose as shown in Figure 1. It is suggested that the highest values will be used to favour the response. For main effects, an effect is said to be positive when an increase to its high level will cause an increase in the response, while negative effect is when an increase to its high level will result a decrease in the response. Meanwhile, the negative effect (blue bar chart) reveals that the use of the lowest range value of factor will increase conversion to glucose.
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Figure  1:      Pareto chart.



The relative size of effects is shown in Pareto chart, where the bar length is proportional to the absolute value of estimated effect. Effects of t-value limit (black line) are considered statistically significant at 95% confidence level whereas the effects below t-value limit are not likely to be significant. Effect above Bonferroni’s corrected t-value limit (red line) is almost certainly significant. A quick analysis was performed on the selected effects using Pareto chart to statistically check for significance of the selected effects at 95% confidence level. All the selected effects (A, B, C, D, E, AC, CD, and CE) shown to be significant at both t-value limit and Bonferroni’s corrected t-value limit.

3.4        Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) was carried out to determine the significant effect of the model in this enzymatic hydrolysis process. The model obtained was significant with p-value <0.0001 as shown in Table 4. A good fitting model can be determined by the value of the coefficient of determination (R2) more than 0.80.18 In this study, R2 value obtained in this model was 0.9959, which is in good agreement with the adjusted R2 value of 0.9912. The high R2 value of 0.9959 indicates that the model was well adapted to the response.


Table  4:      ANOVA for factorial analysis.
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Equation 2 shows the response surface quadratic model for glucose production which can be presented in terms of coded factors as in the following equation:
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where,

Y = concentration of glucose (g/L),

A = agitation speed (rpm),

B = enzyme loading (FPU/ml),

C = glucan loading (% w/v),

D = temperature (°C), and

E = hydrolysis time (h)

The unknowns A, B, C, D, and E were referred to the main effects while AC, CD and CE were the interaction effects contributed in the enzymatic hydrolysis process. Based on the quadratic model, coefficients of A to E are small compared to constant. This gives an indicator that the model equation is good with small error and can be used for further analysis.

3.5        Comparison of Actual versus Predicted Graph

A regression model can be used to predict expected new observations on the glucose production corresponding to experimental values of the factors. Meanwhile, the data that extrapolate beyond the straight line generated by Design Expert is highly possible that a model is no longer fit well in the regression model. The experimental data for the production of glucose from the empirical model is in good agreement with the observed ones in the range of the operating factors as shown in Figure 2.
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Figure  2:      Predicted versus actual regression model graph.



3.6        Effect of Interfacial Polymerisation Factors on the Glucose Production

The interaction effect plot was generated to represent the results of the regression analysis. It was represented the deviations of the average between the high and low levels for each factors.

3.6.1        Interaction between time and glucan loading

The interaction between glucan loading and time (CE) gives highest contribution of 7.92% to the enzymatic hydrolysis process, as shown in Figure 3. The amount of glucose after enzymatic hydrolysis was higher at 72 h compared to 3 h. In this study, having longer reaction time with high glucan loading was more beneficial because it has huge positive effect on glucose production and allowed the enzyme to hydrolyse more cellulose in FPOPF will be converted into monomer. Thus, prolong the hydrolysis time will increase the glucose production. Similar trend was obtained by Tan and Lee16 and Zheng et al.13 A comparison of results based on two different hydrolysis time reveals glucan and time are interrelated in increasing the glucose production.
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Figure  3:      Effect of glucan loading and time to the glucose production.



3.6.2        Interaction between glucan loading and agitation speed

Guo et al. explained that increase of agitation speed from 0 rpm to 150 rpm will increase the initial hydrolysis rates and final sugar concentration.15 However, Champagne and Li stated that mixing rate above 200 rpm resulted in decreased enzymatic hydrolysis due to the shear-induced deactivation of cellulose occurred.18 Figure 4 shows the second interaction between agitation speed and glucan loading (AC) that gives 0.43% of contribution in enzymatic hydrolysis. In this present study, it was found that the glucan loading highly affected the enzymatic hydrolysis from FPOPF. There was a huge difference between low and high glucan loading at different agitation speed in the production of glucose. At lower glucan loading (1% w/v), no significant effect to the production of glucose can be observed either at low or high agitation speed, but not the case at high glucan loading (4% w/v). An increase of glucose production under agitation condition at high solid loading was due to the enhancement of mass transfer and cellulase diffusion.20 Thus, at high glucan loading (4% w/v) with high mixing rate of 200 rpm can promote more cellulose to be hydrolysed to glucose because of the sufficient mixing between FPOPF and cellulase.
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Figure  4:      Effect of agitation speed and glucan loading to the glucose production.



3.6.3        Interaction between temperature and glucan loading

Another interaction can be seen between glucan loading and temperature (CD) as plotted in Figure 5. The temperatures at 35°C and 55°C do not give any obvious effect on the glucose production. However, an increase in temperature of the incubator shaker during enzymatic hydrolysis at high glucan loading (4% w/v) drastically improves the glucose production. This might due to the positive relationship between adsorption and hydrolysis of FPOPF occurred excellently at high temperatures (55°C). The enzyme-substrate interaction performed the best activity at 55°C resulting in increase of glucose production. Overall, high glucan loading (4% w/v) with temperature either at 35°C or 55°C resulted almost same level of hydrolysis efficiency in order to produce high amount of glucose. Similar results reported by Tan and Lee and Nieves et al. where the glucose yield was gradually increased as the substrate loading increased.16,20
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Figure  5:      Effect of glucan loading and temperature to the glucose production.



3.7        Validation Run of Factorial Analysis

The validation experiments were conducted in triplicate based on suggested best condition by Design Expert 7.0. The experiments were carried out at 160 rpm of agitation speed, 20 FPU/mL of Sacchariseb C6, glucan loading at 4%, temperature at 56°C and hydrolysis time at 72 h. The error from these validations runs was in between 1.85% to 4.70% as presented in Table 5. The model was found to be in good agreement with the experimental values with error less than 10%.


Table  5:      Validation run for factorial analysis.



	Description
	Concentration of glucose (g/L)




	Run 1

	Run 2

	Run 3




	Predicted value
	34.024

	34.024

	34.024




	Experimental value
	33.393

	32.423

	33.382




	Error
	1.85 %

	4.70 %

	1.88 %






4.          CONCLUSION

FPOPF is a promising feedstock for the production of fermentable sugar due to its high biomass yield and potential fermentable sugar yield from bagasse. Sacchariseb C6 was performed excellently well in the enzymatic hydrolysis of pretreated FPOPF at high glucan loading (4% w/v) and moderate temperature (55°C). The results obtained from this study showed the best condition for the enzymatic hydrolysis was at 33.01 ± 0.73 g/L of glucose, 200 rpm of agitation speed, 60 FPU/mL of enzyme loading, 4% (w/v) of glucan loading, temperature at 55°C and 72 h of hydrolysis time. Based on the quadratic model, coefficients of X1 to X5 are small compared to the constant. This gives an indicator that the model equation obtained in this study was good with small error and might had a maximum point which is likely to be the optimum point and possible for the optimisation process later. The model was found to be in good agreement with the experimental values with the error obtained from validations runs was less than 5%.
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