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Abstract

:

Mediterranean countries produce up to 97% of the total global olive production. Besides being a serious environmental burden, olive mill waste represents a potential resource of useful materials for recovery and valorization. In this work, the adsorption characteristics and potential of bioadsorbent material manufactured by alkali treatment of olive cake was evaluated. The resultant bioadsorbent was able to purify biodiesel to meets both ASTM D6751 and EN 14214 standards. Further, the sorption equilibrium was investigated at 25 °C. Langmuir, Freundlich, and Temkin isotherms fit to the experimental data were evaluated by applying the non-linear Chi-square test. Freundlich and Temkin isotherms were shown to adequately described the adsorption isotherms of the produced bioadsorbent.
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1. Introduction


Production of biodiesel from various lipids sources represents a clean-burning alternative to fossil fuel. Biodiesel is usually produced using transesterification/esterification reactions in which alcohol reacts with oils\fats in the presence of catalyst [1,2,3]. However, the produced biodiesel usually contains impurities that affect the biodiesel quality. These impurities include unreacted fats or oils, excess alcohols, traces of catalyst, glycerol, and soap [4,5]. The most popular method for biodiesel purification is wet washing where a large amount of water is consumed. The technical challenges of these methods are the extended production time, generation of a large amount of wastewater, and hence the increase of the process cost [6]. Further, the emulsion formed in wet purification reduces the biodiesel quality [7,8,9,10,11]. To solve these problems, the research has tended to focus on using dry purification using various techniques such as purification using membrane equipment such as inorganic microporous ceramic membranes [12], solid adsorbents such silica [13], activated carbon [14], magnesium silicate (magnesol) [15] and carbon fibers membranes [16], and organic adsorbents [17]. The main challenges for using such solid adsorbent are to reduce their production cost, develop easy methods for their recovery and recycling [5,15,18,19,20,21]. For example, magnesol and silica gel are non-recyclable Adsorbents, and thus, on large scale biodiesel production, several environmental and disposal problems rises when they are used [22]. On the other hand, treated agricultural residues have been suggested as potentially low cost biosorbent for biodiesel purification [23]. Previous studies examined the performance of spent tea waste [24], Cocoa Pod Husk [25], rice husk [26] and palm kernel shell [27]. These materials are renewable, inexpensive and non-toxic materials [28,29,30].



In the Mediterranean areas, olive mill waste is a major environmental burden [31,32,33,34]. The countries produce almost 97% of the total worldwide olive production [35,36]. The beneficiation of olive cake has been reported for many applications. In the work presented by Al-Widyan, et al., (2002), the potential of olive cake briquettes as an energy source was investigated [37]. In addition, activated carbon with a mesoporous structure was produced from the olive cake as reported by Gálvez-Pérez et al. [38]. Moreover, the hydrolysis of olive cake for a novel adsorbent production for copper removal was reported by Fernández-González [39]. Further, in previous work, lignin extracted from the olive cake was used to manufacture catalysts for biodiesel production [3].



The residues remaining after lignin removal represent an attractive material that can be used as biosorbent. This is because the isolation of lignin and hemicelluloses from lignocellulosic biomass enhanced the effective carboxylic groups, increase the internal surface area of the residues, and hence improved the adsorption efficiency [21,40,41,42,43].



Successful utilization of such residues for dry purification of biodiesel will not only represent a valorization of agricultural wastes but also produce comparable quality biodiesel at lower costs [44,45,46].



In the presented work, Bioadsorbent originated from delignified olive cake was produced and tested for biodiesel purification. The characteristics of purified biodiesel were analyzed following the international standards and compared with the traditional water washing purification method. Further, the spent adsorbent was regenerated and revaluated. The performance of the produced bioadsorbent for free fatty acid (FFA)and free glycerin removal was compared with some commercial and other bioadsorbents reported in the literature. Finally, three two-parameters equations, the Langmuir, Freundlich, and Temkin isotherms were utilized to model equilibrium sorption data of free fatty acids onto delignified olive cake alkyl residues. The non-linear Chi-square test was employed to assess the fit of the isotherms to the experimental equilibrium data.




2. Materials and Methods


2.1. Biosorbent and Biodiesel Preparation


The experiment was conducted in a heat jacketed agitated reactor. 100 g of olive cake was mixed with 600 g of 7.5 wt.% NaOH solution. The reactor temperature was adjusted at 90 °C and the mixture was agitated for 90 min. Residues from the alkali hydrolysis process were filtered and washed until the pH reached 7. The collected solid material was dried at 105 °C for 1 day. Three particle size cuts of the adsorbent were obtained by sieving: (90, 150, 250 µm) and were further used for biodiesel purification.



The structure, composition, and surface morphology of the adsorbent were presented in a previous publication [47]. Biodiesel was produced from waste vegetable oil (WVO). The detailed procedure for catalyst preparation and biodiesel production is available in previous work [3].




2.2. Biodiesel Purification


2.2.1. Wet Purification


This purification was performed in a separating funnel. The sample of the rough biodiesel was washed with an amount of water equal to 3 times the volume of the crud biodiesel used for the test. The wastewater layer (the bottom layer) was removed. After applying the washing for three times, the purified biodiesel was collected and dried gently to obtain the refined biodiesel.




2.2.2. Dry Purification


The dry purification was conducted in batch adsorption experiments in a 50 mL sealed flask equipped with an agitator. Various amounts of the adsorbent were used to investigate the removal of methanol, glycerol and other impurities. Several parameters were evaluated for the removal of methanol, glycerol, and other possible impurities. These parameters include: (1) the ratio of adsorbent to biodiesel (0.5, 1, and 2 wt.%), (2) adsorbent particle sizes (two cuts ≤90, and ≤150 microns), (3) adsorption time (10, 20, 30, and 40 min). After each test, the adsorbent was filtered and the produced biodiesel properties were recorded.





2.3. Adsorption Isotherms


For the adsorption isotherms study, in a 250 mL glass bottle, 100 mL of crude biodiesel solution was added into varying amounts of adsorbents (0.25, 0.5, 0.75, 1.00, 1.25, 1.5, 1.75, and 2 g) with a stirring rate of 200 rpm. The temperature was kept at 25 °C for 72 h. Then, the adsorbent was removed by membrane filtration (Millipore filter, 0.45 micrometer). The oleic acid concentration was used to express the FFAs concentration. The equilibrium sorption data were presented as mg of FFAs adsorbed per g of bioadsorbent against FFAs residual concentration. The data were examined by non-linear forms of Langmuir, Freundlich, and Temkin isotherms.




2.4. Oil and Biodiesel Characterization


Table 1 presents the standard characterization methods employed to evaluate the physicochemical properties of the refined biodiesel samples.




2.5. Isotherm Modeling


2.5.1. Langmuir Isotherm Model


Langmuir isotherm describes the formation of monolayer adsorption at the outer surface of the adsorbent, with the assumption that the adsorbate does not transmigrates in the plane of the surface. Therefore, the model can be used for surfaces containing a finite number of identical sites where monolayer adsorption takes place. Accordingly, the amount of adsorbent is expressed in Sarioglu et al. work [58]:


   q e  =  q  max    K a     C e    1 +  K a   C e     



(1)




where qe (mg·g−1) is the adsorbed equilibrium amount, qmax (mg·g−1) is the maximum amount of FFA per unit adsorbent, Ka (L·mg−1) is Langmuir constant, and Ce (mg·L−1) is the equilibrium liquid-phase concentration.




2.5.2. Freundlich Isotherm Model


The Freundlich model is an empirical expression representing the isothermal variation of adsorption between a fluid (liquid or gas) and the surface of a solid material. It considers heterogeneous adsorptive energies on the adsorbent surface. It is expressed as (Freundlich, 1909):


   q e  =    K   f   C e  1 / n    



(2)




where Ce (mg·L−1) is the equilibrium liquid-phase concentration, Kf (mg·g−1) is Freundlich constants, and the dimensionless n is the intensity [58].




2.5.3. Temkin Isotherm


Because of adsorbent– adsorbate interactions, Temkin model assumes a linear reduction of the molecules’ heat of adsorption with a surface coverage of the layer. A uniform binding energies distribution is considered up to some maximum value of binding energy [59].



The model equation is expressed as


   q e  =   RT    b T    ln    A T   C e     



(3)




where AT (L·g−1) is the Temkin adsorption potential, bT is Temkin isotherm constant, R is the universal gas constant (8.314 J·mol−1·K−1), T is the temperature at 298 K, Ce (mg·L−1) is the equilibrium liquid-phase concentration, and B = RT/bT is a constant related to the heat of sorption (J·mol−1).





2.6. Statistical and Error Analysis


In this study, an optimization procedure based on the non-linear Chi-square test was employed to assess the fit of the used isotherms to the equilibrium data. The solver add-in with Microsoft’s spreadsheet was used. The mathematical statement of the test is represented as (Ho, et al., 2005).





   χ 2  = ∑        q e  −  q  e ,  m       2     q  e ,  m       








where qe,m (mg·g−1) is the equilibrium capacity calculated from the model, and qe (mg·g−1) is the equilibrium capacity obtained from the experimental data. In the case of the similarity between the calculated and obtained data, χ2 would be a small number. Consequently, Chi-square test is used to approve the best-fit isotherm for the used sorption system.



All experimental data were conducted at least in triplicate. The average and standard deviation were presented.





3. Results and Discussion


3.1. WVO and Crude Biodiesel Properties


Table 2 shows the characteristic properties of WVO and crude biodiesel along with dry and wet purification. As can be seen, the acid value of the crude biodiesel was smaller than that tabulated at the ASTM and European Standards (0.315 mg KOH/g). Moreover, the measured kinematic viscosity (7.5 mm2/s) was higher than the acceptable limits reported in ASTM standard for biodiesel at 40 °C.



The effect of adsorption time on FFA removal and free glycerin removal after the purification process using two different absorbent sizes and for different adsorbent dosages are shown in Figure 1a,b and Figure 2a,b respectively. It can be noticed that the adsorbent dosage and adsorbent particle size affected significantly the removal of FFA and the free glycerin. The FFA and glycerin removals increased with time and by increasing the adsorbent dosage and decreasing the adsorbent particle size. The addition of 2.0% by weight alkali residues (particle sizes < 90 μm) on biodiesel resulted in an excellent removal of the FFA at 29.8%.



Further, the comparison between the purification parameters showed that 2.0% by weight alkali residues with particle size ≤ 90 μm removed completely the free glycerin and after 30 min adsorption time. This is because of a strong interaction between the alkali delignified olive cake and the polar compounds. However, for the particle ≤ 150 μm, complete removal was achieved at 40 min adsorption time. This can be explained considering that particle sizes ≤ 90 μm will have a larger surface area than those of ≤ 150 μm in size.



A summary of biodiesel properties after the purification processes are shown in Table 2. The values are measured for 2% adsorbent loading with a particle sizes of less than 900 µm at 40 min contact time. FFA removal along with other impurities has significantly reduced the kinematic viscosity of the crude biodiesel from 7.5 mm2/s to 4 mm2/s. This value satisfies the specifications presented in the ASTM and European standards. However, the density of biodiesel after purification was 0.8860 g/cm3 and higher than that of the crude biodiesel. A possible explanation is the removal of methanol residues that remained after separation. Though, the value satisfies the EN 14214 standards. further, the properties of the water washed purified samples (acid value, density, and viscosity) were higher than those purified with alkali residue.



Comparing the results obtained in this work using alkali-treated adsorbent, the use of spent tea-activated carbon presented by Fadhil et al. higher yield and more refined biodiesel as shown in Table 3. On the other hand, similar results in terms of yield and adsorption efficiency were obtained compared to those obtained by silica gel [24]. At the same time, the fuel properties were better than the properties reported by Fadhil and Abdulahad for biodiesel purified using de-oiled activated carbon [60].




3.2. Comparison of Biodiesel Purification Using Olive Cake Alkyl Residues with Other Adsorbents


Figure 3 shows a comparison between the % removal of FFA and free glycerin obtained in this study using olive cake alkyl residues (particle sizes of 150 μm) and other commercial and biomass-based adsorbents. It can be observed that olive cake alkyl residues properties reduced the glycerin content to a very low value achieving 99.7% removal. These results are similar to the value achieved in [28] using 5% potato starch, 1–2% cassava starch, and 1% rice starch. Although the % removal of glycerin using ZnCl2-rice husk activated carbon (2 wt.%) [61] was similar to the value achieved in this work, the former resulted in biodiesel with dark color. Further, the performance of olive cake alkyl residues as adsorbents was even better than the performance of several biomass adsorbents and commercial adsorbents that had been used for the same purpose such as rice husk ash and magnesol [62], oil palm empty fruit bunch, silica gel and bentonite [63], Sugarcane Bagasse [64].



Considering FFA removal, olive cake alkyl residues (particle sizes of 150 μm) was able to accomplish 29.8% removal of FFA. Its performance was comparable with tea wastes [65], rice hull ash [66], and magnesol [62]. However, higher FFA removal was achieved with silica gel [66], sulfonated tea wastes [65] rice husk ash [62], silica gel, bentonite, and oil palm empty fruit bunch [63].




3.3. Reusability of the Adsorbent


The durability of the produced bioadsorbent samples was evaluated. The test was performed for particle sizes ≤ 90 µm with 2 wt.% bioadsorbent dosage and 40 min adsorption time. The results presented in Figure 4 showed that the adsorption capacity decreased and reached about 50% of its starting activity after the 15th cycle. Nevertheless, the activity of the spent adsorbent was restored after activation.



Unfortunately, little work was reported concerning the regeneration and reusability of biomass-based adsorbents. Saengprachum et al. reported that extracted silica from rice husk ash can be regenerated and can be reused up to 5 times [61]. On the other hand, the durability of the olive cake alkyl residues as adsorbent was extremely higher than the durability of extracted silica




3.4. Adsorption Isotherms


The isotherms in this work described the FFA adsorbed on the surface of the produced bioadsorbent. Since all the used models are non-linear, the non-linear regression method must be applied to calculate the model’s parameters using an optimization program. However, linearized forms of different models present a simple approach to obtain the model’s parameters in comparison to complex optimization programs. The analysis performed by (Subramanyam, and Das, 2014) showed that the overall mean of the error functions of non-linear models is considerably smaller compared to their linearized counterparts, and thus non-linear modeling can represent the experimental results much better than the linearized ones [67]. Also, Salihi, et al. concluded that using the experimental data to get the isotherm parameters using the non-linear method is the most suitable approach [68]. Further, the study of Bolster et al. confirmed that the use of the linearized forms of the Langmuir isotherm to calculate the isotherm parameters restrict the ability to model the adsorption data with reasonable accuracy [69]. This is due to the fact that various linear forms of the Langmuir equation significantly affect the calculations of the model parameters [70]. The linearization method of the nonlinear equation will results in different outcomes for different linearization forms due to the difference in the error structure that would get varied upon [71]. Besides, when adsorption data do not comply to the standard Langmuir model, the linearized model fits transformed data may not be clear [72]. Therefore, to avoid such errors, the non-linear Chi-square analysis method shall be used [73,74]



To investigate the capability of the used isotherms describing the experimental results, the theoretical plots from each isotherm have been fitted with the experimental data for adsorption of FFA on the alkali residue adsorbent. The Chi-square statistic, χ2, R2, and model parameters were obtained and are shown in Table 4. For the Langmuir isotherm model, the solution did not converge when a non-negativity constraint for Ka values was provided in the solver. On the contrary, the model equation fits the data with a negative value for Ka. Hence, this trend confirms that Langmuir isotherm fails to describe the adsorption process. On the other hand, there was a convergence of the parameters derived from the non-linear Freundlich and non-linear Temkin isotherms.



Figure 5 shows the experimental data for adsorption of FFA on the produced bioadsorbent along with the empirical Freundlich and the Temkin isotherm at a temperature of 293 K. It was clear that both two-parameters Temkin and Freundlich isotherms were the fitting models for the experimental results. However, when the two models were compared, the Freundlich isotherm model has a lower χ2 than the Temkin model. Therefore, Freundlich isotherm seemed to be the best-fitting model for the chosen sorption system.



Non-conformation of the data into a Langmuir adsorption isotherm model and fitting of the data to the Freundlich isotherm model suggested a heterogeneous and non-uniform sorbent surface. Further, this is an indication of the multilayer formation of the sorbed molecules.



The Freundlich isotherm model parameters were Kf = 2.076 × 10−11·L5.365/g bioadsorbent with n = 0.186. The constant Kf indicates the relative adsorption capacity of the bioadsorbent. The adsorption exponent n represent the favorability of the adsorption process [75]. The higher the value of n for a specific FFA adsorbent materials shows that it can accommodate more FFA by increasing the residual concentration [65]. Adsorbent materials with n values in the range 2–10 are considered good adsorbent, while moderately difficult adsorbents have values in the range 1–2. Materials with values less than one are characterized by poor adsorptive potential. The magnitude of n (0.186) in the current study indicates a poor adsorption process. The fitting of Freundlich isotherm proposes that interactions occur between FFA and alkali residues, further, different sites with several adsorption energies are involved. This is also confirmed by the bT value obtained from the Temkin model (bT = 125 J/mol·K and thus B = 19.69 J/mol), which indicates moderate physical interactions between the residues surface and the adsorbent.





4. Conclusions


In the presented study, delignified olive cake was successfully produced and evaluated as a potential bioadsorbent for biodiesel purification. The properties of crud biodiesel, wet purified biodiesel, and dry purified biodiesel with alkali residues were evaluated following an international standard. Dry purification of biodiesel using the produced bioadsorbent turn better biodiesel properties with a higher yield compared with wet purified samples. Further, the adsorbent showed much better durability and regeneration characteristics compared to the reported bioadsorbent in the literature. The produced alkali residues bioadsorbent was able to remove 99.7% of the free glycerin and 29.8% of the FFA which is comparable and even better than some available bioadsorbent in the literature. The capability of using the waste streams of olive cake as a bioadsorbent for biodiesel purification highlights the valorization of these streams and can reduce the environmental burden of the waste of the olive industry. Finally, the analysis of the experimental isothermal equilibrium data sets of FFA adsorption onto alkali residues revealed that data are well represented by nonlinear Freundlich and Temkin isotherms.
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Figure 1. FFA removal as a function of adsorption time for various adsorbent dosage (a) Particle sizes ≤ 90 μm (b) Particle size of ≤150 μm. 






Figure 1. FFA removal as a function of adsorption time for various adsorbent dosage (a) Particle sizes ≤ 90 μm (b) Particle size of ≤150 μm.



[image: Energies 14 00016 g001]







[image: Energies 14 00016 g002 550] 





Figure 2. Effect of adsorption time on free glycerin removal for different adsorbent dosage (a) Particle sizes ≤ 90 μm (b) Particle size of ≤ 150 μm. 
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Figure 3. Comparison between the % removal of FFA and free glycerin obtained in this study using olive cake alkyl residues (particle sizes of 150 μm) and other commercial adsorbents and biomass-based adsorbents. 
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Figure 4. Bioadsorbent recyclability. 
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Figure 5. Comparing the empirical Freundlich and the Temkin isotherm with the experimental data for adsorption of FFA on the alkali residue adsorbent, at a temperature of 293 K. 
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Table 1. Standard Methods and Equipment Used for Physical Properties Measurements.
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	Tested Property
	Testing Procedure/Apparatus/Reference





	Acid Value of biodiesel (mg KOH/g oil)
	ASTM D974-97 [48]



	Acid Value of WVO (mg KOH/g oil)
	GB/T 5530-2005 [49]



	Density (g/cm3)
	Anton PAAR digital density meter DMA4100 M, Graz, Austria



	Viscosity (cP)
	ASTM test method D445 [50]/Fungilab Viscometer TSML 210045, Barcelona, Spain



	Refractive Index
	Abbe refractometer A83136



	Iodine value (g iodine/100 g sample)
	ASTM D1959-97 (1997) [51]



	Peroxide value (meq O2/kg oil)
	IUPAC 2.501 (1992) [52]



	Saponification value (mg KOH/g oil)
	ASTM D1962-85 (1995) [53]



	Free glycerin (mg/kg)
	UV-Visible Spectrophotometer, Kent, UK [54]



	Ash content
	TAPPI T211 om-07 [55]



	lignin content as Kalson lignin
	ASTM: E1721-01 (2010) [56]



	Moisture content
	(Vicentim et al., 2010) [57]
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Table 2. Waste vegetable oil, crude biodiesel, alkali residue, and water washing purified biodiesel.






Table 2. Waste vegetable oil, crude biodiesel, alkali residue, and water washing purified biodiesel.














	Biodiesel Property
	Oil
	Crude Biodiesel
	Alkali Residue
	Water Washing
	ASTM 6751 (2002)
	EN 14214 (2013)





	Yield %
	-
	93
	89
	-
	-
	



	Acid Value (mg KOH/g)
	3.67
	0.32
	0.23
	0.28
	0.80 max
	0.50 max.



	Peroxide Value(meq/Kg)
	33.6
	29.6
	29.0
	29.0
	-
	-



	Iodine Value (g I2/100g)
	112.3
	20.4
	19.6
	19.6
	-
	120.0 max.



	Saponification Value (mg KOH/g)
	201
	180
	146
	151
	-
	-



	Soap and Catalyst (ppm)
	0
	0
	0
	0
	-
	5 max.



	RI
	1.480
	1.457
	1.454
	1.457
	-
	-



	Density (g/cm3) ± 0.0001
	0.92
	0.88
	0.89
	0.89
	-
	0.86–0.9



	Kinematic viscosity ± 0.01 (mm2/sec) at 40 °C
	22.4
	7.5
	4.0
	5.5
	1.9–6.0
	-



	Free glycerin (mg/kg)
	-
	0.01
	0.00
	0.00
	0.02% max
	-
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Table 3. Purified biodiesel properties using different bioadsorbents compared to water washing and the bioadsorbent in this work.
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Property

	
Spent Tea Activated Carbon

	
Silica Gel

	
Water Washing

	
De-Oiled Cake

(Mustard Seeds)

	
Water Washing

	
Alkali Residue




	
(Fadhil, et al., 2012)

	
(Freundlich, 1909)

	
This Study






	
Yield%

	
97

	
93

	
88

	
94

	
84

	
93




	
Density (g/cm3)

	
0.8755

	
0.8800

	
0.8920

	
0.8889

	
0.8995

	
0.8860




	
Viscosity (mm2/s) at 40 °C

	
2.6

	
3.2

	
3.3

	
5.3

	
8.3

	
4.0




	
Acid value (mg KOH/g)

	
0.092

	
0.247

	
0.301

	
0.186

	
0.331

	
0.232




	
RI at 20 °C

	
1.445

	
1.448

	
1.457

	
1.451

	
1.457

	
1.454




	
SV (mg KOH/g)

	
-

	
-

	
-

	
201

	
203

	
146




	
IV (mg I2/100 g)

	
-

	
-

	
-

	
104

	
105

	
20
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Table 4. The Chi-square statistic, χ2, R2, and isotherm models parameters.
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Non-Linearized Isotherm

	
Model Parameters

	
χ2

	
R2






	
Langmuir

	
Not applicable (Non-positive Ka)




	
qm (mg/g)




	
Ka (L/mg)




	
Freundlich

	

	

	




	
Kf (L5.365/g adsorbent)

	
2.076 × 10−11

	
0.203

	
0.955




	
n

	
0.186




	
Temkin

	

	

	




	
bT (J/mol·K)

	
125.957

	
0.466

	
0.892




	
AT (L/g)

	
0.0098
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