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Abstract

:

Rice straw, an agricultural waste product generated in huge quantities worldwide, is utilized to remediate diesel pollution as it possesses excellent characteristics as a natural sorbent. This study aimed to optimize factors that significantly influence the sorption capacity and the efficiency of oil absorption from diesel-polluted seawater by rice straw (RS). Spectroscopic analysis by attenuated total reflectance infrared (ATR-IR) spectroscopy and surface morphology characterization by variable pressure scanning electron microscopy (VPSEM) and energy-dispersive X-ray microanalysis (EDX) were carried out in order to understand the sorbent capability. Optimization of the factors of temperature pre-treatment of RS (90, 100, 110, 120, 130 or 140 °C), time of heating (10, 20, 30, 40, 50, 60 or 70 min), packing density (0.08, 0.10, 0.12, 0.14 or 0.16 g cm−3) and oil concentration (5, 10, 15, 20 or 25% (v/v)) was carried out using the conventional one-factor-at-a-time (OFAT) approach. To eliminate any non-significant factors, a Plackett–Burman design (PBD) in the response surface methodology (RSM) was used. A central composite design (CCD) was used to identify the presence of significant interactions between factors. The quadratic model produced provided a very good fit to the data (R2 = 0.9652). The optimized conditions generated from the CCD were 120 °C, 10 min, 0.148 g cm−3 and 25% (v/v), and these conditions enhanced oil sorption capacity from 19.6 (OFAT) to 26 mL of diesel oil, a finding verified experimentally. This study provides an improved understanding of the use of a natural sorbent as an approach to remediate diesel pollution.






Keywords:


rice straw; sorption capacity; oil absorption efficiency; morphology; spectroscopic analysis; one-factor-at-a-time (OFAT); response surface methodology (RSM)












1. Introduction


Sorbents are either adsorbent or absorbent materials. Their purpose is to bind target substances, such as liquid oil, in a solid or semisolid matrix. Sorbents are often used to eliminate the last vestiges of oil pollution that have leaked into wetlands or along coastlines. Generally, sorbents can be classified as natural or synthetic materials. Despite being fully commercialized, synthetic sorbents are mostly made from polypropylene fibers that are not environmentally friendly and often lead to secondary contamination [1]. Natural organic materials such as moss, straw, sawdust, coco peat, cogon grass, cotton and hay can be used as sorbents [2,3,4,5]. A novel natural oil sorbent, nonwoven cotton batting, was reported both to have a much better oil sorption capacity than synthetic products, and to be environmentally sustainable and simple to employ in practical applications [1]. The high levels of generation of agricultural wastes strengthen the relevance of using natural sorbents to remediate contaminated sites, particularly in the case of diesel contamination.



Rice (Oryza sativa) is a staple food across Asia. It is vital to the Malaysian diet, with 70% of the national demand being produced nationally, especially in Kedah [6,7]. In South-East Asia, rice is the most significant crop [8]. Rice production has rapidly increased over time, also resulting in increased generation of non-edible ‘waste’ biomass [5]. After harvesting, mature rice grain is separated from the non-grain material, known as rice straw (RS), which remains as an agricultural residue. RS is chemically composed of lignin (22%), cellulose (38%), hemicellulose (35%) and some nutrients (5%) and serves as an excellent natural sorbent [9,10]. RS is commonly used in animal feed and also in improving soil fertility. Given the scale of its production and its low cost, investigation of its utilization as a natural diesel adsorbent is appropriate and timely.



Previous studies have reported excellent performance by several elements of rice waste, such as husks and RS, in remediating pollutants including heavy metals, dyes and phenolic compounds [11,12,13]. Due to their low cost and efficiency and the minimal production of by-products that may cause further pollution, natural sorbent materials are considered to be an effective and ideal technology [14,15]. However, studies of oil spill remediation using RS remain scarce. Before ex situ remediation, treatment of RS is essential to minimize the risk of non-native species introduction. Physical pre-treatment, often known as heat treatment, uses a range of temperatures depending on the material being treated. A number of studies have proposed that RS can be physically pre-treated to improve sorption capacity [10,16,17,18].



The current study focused on the use of RS as a natural sorbent to remediate diesel-polluted seawater in a designed filter system, optimizing the conditions of its use through the conventional one-factor-at-a-time (OFAT) approach followed by the response surface methodology (RSM). The surface morphology of RS was characterized using scanning electron microscopy (SEM), while spectroscopic analysis was carried out using attenuated total reflectance infrared (ATR-IR) spectroscopy to clarify elements of chemical composition.




2. Materials and Methods


2.1. Materials


2.1.1. Sample Preparation


Rice straw (RS) was purchased from Kampung Agong, Penaga, Pulau Pinang, Malaysia (5.5407° N, 100.3801° E). RS is harvested annually in July or August. The RS was cut to approximately 4–5 cm in length from the base throughout the length of the stalk. It was washed twice thoroughly with tap water to remove debris and sun dried for 7 d (minimum 5 h per day) until it reached a constant mass. Diesel (PETRONAS Dynamic Diesel) was purchased from a petrol station in Serdang, Selangor, while 70 L seawater was retrieved from Port Klang and stored at room conditions (25 °C ± 2 °C) until use. Generally, seawater is composed of water (H2O), carbon dioxide (CO2), potassium (K), magnesium (Mg) and silica (Si) [19]. A wire mesh net (10 cm height × 5 cm diameter) was prepared to form a cylindrical holder to accommodate the prepared RS sample. Finally, 400 mL plastic bottles (25 cm height × 5 cm diameter) were purchased, and an opening cut was created approximately 3 cm from the base to allow placement of the holder within the bottle and allow the diesel–seawater mixture to flow through it.




2.1.2. Experimental Setup


The prepared materials were assembled in a filter system (Figure 1). The plastic bottles were clamped inverted to retort stands to allow the diesel–seawater mixture to flow through. The cylinder accommodating the RS was placed inside the hollowed bottle. A measuring cylinder was placed below the bottle to collect the oil/water effluent. Forty milliliters of diesel mixed with 400 mL of seawater was poured into the bottle. This procedure was repeated for each replicate.





2.2. Sorption Capacity and Efficiency Evaluations


Sorption capacity was determined under laboratory conditions (25 °C ± 1 °C), following the method F 726-99 (ASTM, 1998), with slight modifications [20]. The sorption capacity values were calculated as shown in Equation (1).


  Oil   sorption   capacity   ( g / g ) =   X f − X i   X i    



(1)




where   X f   represents the total mass (g) of the wet sample after immersion, and   X i   is the mass (g) of the sample before immersion. All experiments were carried out in triplicate, with the mean value and standard error of the mean (SEM) calculated.



The efficiency of diesel absorption (%) was calculated as shown in Equation (2).


  Efficiency   of   diesel   absorption   ( % ) =   E i − E   E i    



(2)




where   E i   represents the initial concentration (v/v) of diesel oil, and  E  is the concentration of diesel oil after reaching equilibrium.



Sorption capacity and the efficiency of oil absorption were determined as follows, with all studies carried out in triplicate. Twelve grams of RS sample was placed in the holder, which was then placed in the plastic bottle. The mixture of diesel (40 mL) and seawater (400 mL) was then poured into the bottle. The mass of each RS sample was measured after 10 min contact time. The oil/water effluent was also measured and analyzed using Equation (2). One-way analysis of variance (ANOVA) was used to test the influence of each parameter on sorption capacity and percentage of diesel removal. If there were significant differences, Tukey’s post hoc pairwise tests were carried out.




2.3. Screening of Samples


Approximately 12 g of untreated or treated RS was packed and prepared in each experimental setup. The chosen temperature was the most common temperature when working with fibers based on published studies [21]. The final RS sample mass and amount of effluent (seawater and diesel mixture) were recorded for each trial.




2.4. Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy


The chemical structures of untreated and pre-treated RS (before and after wetting with the oil–seawater mixture) were analyzed using ATR-IR spectroscopy over a spectral range of 4000–500 cm−1. At each position of the sample on the crystal area, 16 scans were averaged. Each sample was thoroughly dried beforehand using Na2SO4 [22,23,24].




2.5. Surface Morphology Characterization by Scanning Electron Microscopy (SEM)


A variable pressure scanning electron microscope (VPSEM) (Zeiss LEO 1455, Carl Zeiss AG, Oberkochen, Germany) was used to analyze the composition of RS. The RS samples were sputter coated with gold and attached to round stainless-steel sample holders with double-sided conductive adhesive tapes. SEM images were examined using an accelerating voltage of 15 kV [25]. An elemental analysis using an energy-dispersive X-ray microanalyzer (EDX) was carried out following SEM analysis. For EDX analysis, the beam optimization applied cobalt as a standard; thus, all records of Co were discounted from the analysis.




2.6. Ex Situ Experiment via Statistical Optimization


2.6.1. One-Factor-at-a-Time (OFAT)


To determine the sorption capacity of RS and its ability to absorb diesel effectively, various factors were taken into account in OFAT. These included heat pre-treatment (90, 100, 110, 120, 130 or 140 °C), time of heating (10, 20, 30, 40, 50, 60 or 70 min), packing density (0.08, 0.10, 0.12, 0.14 or 0.16 g cm−3) and oil concentration (5, 10, 15, 20, 25 or 30% (v/v)). All factors were assessed individually in triplicate.




2.6.2. Response Surface Methodology (RSM)


Plackett–Burman Design (PBD)


Aligned factors from OFAT were further analyzed using Design-Expert software version 13.0 under the Factorial Miscellaneous Design (standard design) [26], with slight modifications. With a minimum of 11 horizontal factors, 6 center points were chosen. Eighteen runs were provided by the Design-Expert software with randomized points in all factors (in range) to generate two responses: oil absorbed and seawater absorbed (mL) (Table 1). Eighteen randomized runs were therefore carried out in the experimental setup. The responses were analyzed using ANOVA. The PBD follows the first-order model provided by Equation (3) [27].


  Y =  β 0  +   ∑   i = 1  k   β i   x i   



(3)




where  Y  represents the response variable, x is the independent factors that influence  Y , β0 is the intercept, k is the number of involved factors and βi is the ith linear coefficient.



All the parameters were analyzed using Design-Expert 13.0 (Stat—Ease Inc., San Diego, CA, USA) software at minimum (−1) and maximum (+1) levels [28,29]. The significant parameters identified using the PBD were then further optimized using a central composite design (CCD).




Central Composite Design (CCD)


Aligned factors from the PBD were further analyzed in the Design-Expert software version 13.0 under the Response Surface Central Composite Design (standard design). With three numeric factors, six center points were chosen. Twenty runs were provided from the Design-Expert software with randomized points in all factors (in range) to generate two responses: oil absorbed and seawater absorbed (mL) (Table 2). Twenty randomized runs were therefore run in the experimental setup. The quadratic mathematical model used is shown in Equation (4) [27].


  Y =  β 0  +   ∑   i = 1  k   β i   x i  +   ∑   i = 1  k   β  i i    x i 2  +   ∑   1 = i ≤ j  k   β  i j    x i   x j    ,   i ≠ j  



(4)




where  Y  represents the response variable, χ is the independent factors that influence  Y , β0 is the intercept, κ is the number of involved factors, i is the ith linear coefficient, ii is the quadratic coefficient, and ij is the coefficient of the interaction effect when i < j, with i and j = 1, 2, 3 and i ≠ j. All experiments were performed in triplicate.



The interactions of the significant parameters on the efficiency of oil–seawater absorption were analyzed to identify the optimum responses. This design was then verified using ANOVA. The selected interactions between the response value and factors were represented in three-dimensional response surface plots [30].




Model Validation


The statistical models were further validated experimentally using the model-predicted optimum values. In all analyses, p < 0.05 was accepted as significant [31].







3. Results and Discussion


3.1. Screening of Rice Straw Samples


The screening step involved two sets of untreated and pre-treated (120 °C) RS samples (n = 3 in each set). The pre-treated RS samples displayed the highest level of sorption capacity (2.3 g/g ± 0.04) and also the most efficient oil absorption (51.67% ± 1.02) (Figure 2). Pre-treated RS was therefore selected for further study. Water absorption by pre-treated RS was lower (4.17% ± 0.51) than that by untreated RS (12.08% ± 1.35). As lower water absorption is preferable, this further supports the selection of pre-treated RS.



Fiber surface modification can enhance the tensile properties of RS in concrete-like composites by improving fiber–matrix interfacial bonding, hardness, wettability and the hydrophilic nature, and decreasing moisture absorption. Impurities and waxy substances on the surface, on the other hand, can cause poor outer layer wetting and impair fiber–matrix bonding. The waxy layer and associated impurities can be removed by heat treating the RS, thereby enhancing biosorption efficiency [18,32,33].




3.2. Spectroscopic Analysis by Attenuated Total Reflectance Transform Infrared (ATR-IR) Spectroscopy


In order to understand the movement of functional groups in the macromolecules present in RS, a non-destructive analysis, ATR-IR, was conducted. Infrared spectroscopy analysis of RS has been used to show that ionizable functional groups such as amino, carboxyl and hydroxyl groups are present and able to interact and chelate with diesel oil [11]. This analysis determines any changes in the vibrational frequency of numerous functional groups before and after wetting with diesel oil [13]. The presence of polar groups on the surface of the adsorbent is likely to give it a high cation exchange capacity [21].



A comparison of IR spectra between untreated and pre-treated RS is presented in Figure 3. The broad peak observed at 3430 cm−1 corresponds to O-H stretching vibration, possibly contributed by the hydroxyl group in cellulose. Fingerprint stretching vibrations at 2922 cm−1 and 2850 cm−1 were consistent with the presence of C-H alkyl groups in the cellulose backbone. The distinct peak at 1721 cm−1 in the untreated RS represents the ester linkage of the carboxylic group of lignin. Peak intensities decreased for pre-treated samples due to the reduction in hemicellulose and lignin contents after being heated to 120 °C. The peaks at 1547 cm−1 and 1458 cm−1 represent C=C stretching of the aromatic ring of lignin, which reduced in intensity after the pre-treatment. The peak in the region of 1260–900 cm−1 corresponds to the C-O deformation band, present in hemicellulose, cellulose or lignin.



Figure 4 presents a comparison of the IR spectra of untreated and pre-treated RS after wetting with oil. All readings obtained were correlated with the presence of diesel oil. Contrasting with the dry RS spectra, the broader peak at 3000 to 3500 cm−1 indicates intense O-H stretching vibration contributed by the hydroxyl group of cellulose. This suggests that cellulose in both samples absorbed the oil/water mixture. At 1500–1600 cm−1, the sharper and deeper slope in the wetted sample indicates the presence of C=C stretching vibration between alkenes and aromatic functional groups which are naphthenes (CH2) in diesel oil [34,35,36]. At 2912 cm−1, the deeper slope in the wetted sample suggests C-H stretching vibration with the presence of alkane groups (CH) or long-chain alkyl groups (CH3) in diesel oil. RS wetted with the oil/water mixture was able to absorb both diesel and water, as shown at 1637 cm−1, with water absorption indicated by the stretching vibration of H-O-H. The stretching of pre-treated RS was slightly greater than that of untreated RS. This indicates that the heat treatment lowers water absorption and fulfils the goal of minimizing water uptake. Major peaks detected in ATR-IR spectroscopic analysis of untreated and pre-treated RS were summarized in Table 3.




3.3. Surface Morphology Characterization by Scanning Electron Microscopy (SEM)


The detail of the rough surface of RS was clear in the SEM micrographs. The EDX microanalyzer revealed the molecules present on the RS surface. Untreated RS (Figure 5a,b) had more silica grooves than pre-treated RS (Figure 5c,d). Pore spaces were seen abundantly in the treated RS (Figure 5c). The observed features were visible under low magnification (500×).



The major components of RS are hemicellulose, cellulose, lignin, silica and potassium. Exposure to heat accelerates the degradation of both lignin and silica in RS [38]. SEM of the treated rice straw (Figure 5c,d) revealed that the surface structure was loose, a feature facilitating diesel absorption [11].



Heat treatment led to the RS surface becoming roughened with various wrinkles, grains and grooves. Previous studies [22,37,39] have suggested that this roughening increases the available surface area, which is important for absorption [40]. The main elements in cellulose and hemicellulose, oxygen (O) and carbon (C), were more abundant in the EDX analyses, with the pre-treated RS sample having 60% carbon and 22% oxygen, while the untreated RS sample had 29% and 19%, respectively. The minimal presence of potassium (K) in the EDX analysis of untreated RS was due to the dissolved fertilizer during planting and reduced after diesel–seawater filtration [41].




3.4. Optimization of Factors Affecting the Sorption Capacities and the Efficiency of Oil/Water Absorbed by One-Factor-at-a-Time (OFAT)


The RS sorption capacity (g/g) and the efficiency of oil/water absorption (% (v/v)) were assessed under four aligned factors: pre-treatment temperature, time of heating, packing density and oil concentration. Figure 6 shows the performance of RS after pre-treatment at different temperatures between 90 and 140 °C. Based on the data obtained, 120 °C was the optimum pre-treatment temperature, providing the highest sorption capacity (2.29 g/g ± 0.04) and efficiency of oil absorption (51.67% (v/v) ± 1.02). ANOVA was significant (F6,14 = 17.96, p < 0.0001), and Tukey’s post hoc pairwise comparisons confirmed that all points in the range were significantly different from the untreated RS, except for 90 °C. Plant fibers have many free hydroxyl groups that quickly bond with oil or water, providing them with high affinity for both [42]. When RS is heat treated, the contained fibers undergo modifications in their structure and morphology, surface tension, dimensions, chemical composition and mechanical characterization [43].



Cellulose has an excellent ability to absorb moisture from the environment. However, this activity is limited by the presence of a hydrophobic compound also present in plants, namely, lignin. When exposed to high temperature, lignin decomposes over time, leaving cellulose and hemicellulose as suitable sorbents [44]. However, exposure to temperatures above 140 °C can lead to more drastic changes in composition [45]. Higher temperature leads to high porosity, allowing many compounds, including water, to be easily absorbed [46,47].



RS treated at a fixed temperature of 120 °C was then trialed at treatment times ranging from 10 to 70 min (Figure 7). ANOVA was again significant (F4,10 = 568.3, p < 0.0001), and the sorption capacity and efficiency of oil absorption were greatest at 20 min.



Next, with the RS pre-treatment temperature and duration of heating fixed, different packing densities ranging from 0.08 to 0.16 g cm−3 were trialed (Figure 8). The data obtained show that 0.12 g cm−3 was the most efficient packing density, providing the highest sorption capacity (2.15 g/g ± 0.02) and efficiency of oil absorption (44.17% (v/v) ± 0.52), as well as the lowest water absorption. In this case, however, ANOVA detected no significant difference overall between the treatments (F4,10 = 1.214, p = 0.3639).



The final stage examined using OFAT was to expose the pre-treated RS to various concentrations of diesel oil ranging from 5 to 25% (v/v) (Figure 9). This demonstrated that 20% (v/v) led to the highest oil absorption (19.67 mL ± 0.26). With a slightly higher efficiency of oil absorption than 15% (v/v) and 30% (v/v) (19 mL ± 0.00), 20% was selected as it also had the lowest amount of water absorbed. However, ANOVA did not identify significant differences between the treatments (F4,10 = 2.643, p = 0.0969).




3.5. Statistical Analyses by Response Surface Methodology (RSM)


3.5.1. Optimization of Factors by Plackett–Burman Design (PBD)


The purpose of utilizing a Plackett–Burman design (PBD) in the secondary analysis is to eliminate non-significant factors after the OFAT analyses. With all factors aligned, 18 runs were generated (Table 4). These ranged from 100 to 130 °C for temperature (factor A), 10 to 30 min for heating time (factor B), 0.1 to 0.16 g cm−3 for packing density (factor C) and 10 to 25% (v/v) for oil concentration (factor D). Conditions of 130 °C, 10 min heating, 0.16 g cm−3 packing density and 25% (v/v) oil concentration (runs 1 and 4) provided the highest oil absorption (30.67% ± 0.2). Conditions of 100 °C, 10 min heating, 0.1 g cm−3 packing density and 10% (v/v) (run 2) oil concentration provided the lowest absorption (16% ± 0.01). Overall, RS treated at a higher temperature and more densely packed had better oil absorption.



PBDs extend the analyses provided by OFAT as well as incorporating the possibility of two-way interactions between factors [26]. ANOVA confirmed that the model generated was highly significant overall, with R2 = 0.9119, and the time of heating, packing density and oil concentration being significant factors (Table 5). These factors were therefore carried forward to CCD analysis. The model equation for the efficiency of oil absorption (Y) was


  Y = + 21.03 − 1.64 B + 3.36 C − 3.03 D    












3.5.2. Interactions of Significant Factors Analyzed Using Central Composite Design (CCD)


CCD is used to quantify interactions between aligned factors. After eliminating insignificant factors in the PBD, 20 runs were generated in a five-level CCD to further optimize the efficiency of oil absorption and to minimize water absorption (Table 6).



A quadratic model was selected, and ANOVA was used to assess the significance of each model term (Table 7). The quadratic model was highly significant (p < 0.0001), with R2 = 0.965. The model equation for the efficiency of oil absorption (Y) was


  Y = + 19.44 − 1.34 A + 3.87 B − 8.82 C + 1.34 A ² − 1.30 C ²  











Although ANOVA identified no significant pairwise interactions between any of the factors (Table 7), three response surface contour plots were generated. The factors involved were time of heating, packing density and oil concentration, which were applied as A, B and C, respectively. Figure 10a shows the interaction between the time of heating (min) and packing density (g cm−3). The contour plot suggests that time of heating did not have a strong impact on oil absorption compared to packing density. The highest efficiency of oil absorption (36.67%) was predicted at 10 min and 0.16 g cm−3. Oil concentration (% (v/v)) had a strong influence on oil absorption and an interaction with time (Figure 10b). The greatest oil absorption (45.59%) was predicted at 10 min and 10% (v/v). Figure 10c shows the interaction between packing density (g cm−3) and oil concentration (% (v/v)). The greatest oil absorption (46.09%) was predicted at 0.16 g cm−3 and 10% (v/v) diesel. However, all three plots are characterized by relatively flat rather than domed surfaces, consistent with the lack of detection of significant interactions and these three variables acting independently.




3.5.3. RSM Model Validation


An additional experiment was carried out using the derived optimal conditions to assess the adequacy of the quadratic model of oil sorption capacity in RS. The model was validated by performing an experimental trial (n = 3) using the predicted values shown in Table 8. The model predicted a value of 26 mL of diesel with 14 mL of seawater for RS for oil absorption. These conditions were applied experimentally, and the value obtained was identical to that predicted (Fisher’s exact t-test, p = 0.9999).



Using OFAT, the optimal conditions for the sorption capacity and the efficiency of oil/water absorption were achieved by using RS treated at 120 °C for 20 min, then packed at a 0.12 g cm−3 packing density and exposed to 20% (v/v) diesel. These conditions resulted in the trapping of 19 mL of diesel and 10 mL of seawater. The efficiency of oil absorption was 24% ± 0.3. Using the PBD and the CCD approach, the suggested conditions were to treat RS at 120 °C for 10 min, pack it at 0.148 g cm−3 and use 25% (v/v) diesel. The efficiency of oil absorption under these conditions was 25% ± 0.5, providing a slight improvement to the use of OFAT alone. This is also consistent with the interaction terms being non-significant; in other words, both analyses rely on the ‘pure’ factors acting independently, and thus the close similarity in the results obtained is unsurprising.






4. Conclusions


The sorption capacity and efficiency of RS in absorbing oil were studied. The analyses carried out identified that various factors could enhance the effectiveness of RS as a natural sorbent. Pre-treatment of RS at high temperature led to a larger surface area for absorption than present in untreated RS. The use of OFAT and RSM was successful in identifying the factors that significantly influenced oil absorption and eliminated non-significant factors. The oil absorption capacity of pre-treated RS was greatly improved in comparison with untreated RS. Using a CCD, the optimum parameters obtained were 10 min heat pre-treatment, 0.148 g cm−3 packing density and 25% (v/v) oil concentration. The efficiency of oil absorption by RS was enhanced in the experimental equipment used, with a packing density of <0.16 g cm−3, and a shorter heat treatment duration. The use of RS as trialed in this study may prove to be technically feasible and environmentally acceptable and make a valuable contribution to oil spill clean-up.
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Figure 1. Experimental setup for the filter system: (a) retort stand; (b) plastic bottle; (c) cylinder holder; (d) beaker. 
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Figure 2. Screening of untreated (UNT) and pre-treated RS samples (the latter were heat treated at 120 °C for 20 min). Error bars represent the mean ± SEM of three replicates. 
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Figure 3. ATR-IR spectra of untreated and pre-treated RS before wetting with oil–seawater mixture. 
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Figure 4. ATR-IR spectra of untreated and pre-treated (120 °C) RS after wetting with oil–seawater mixture. 
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Figure 5. Images from scanning electron microscopy (SEM, left) and outputs of EDX (right): (a) untreated rice straw before wetting with oil–seawater mixture; (b) untreated rice straw after wetting with oil–seawater mixture; (c) pre-treated rice straw before wetting with oil–seawater mixture; (d) pre-treated rice straw after wetting with oil–seawater mixture. 






Figure 5. Images from scanning electron microscopy (SEM, left) and outputs of EDX (right): (a) untreated rice straw before wetting with oil–seawater mixture; (b) untreated rice straw after wetting with oil–seawater mixture; (c) pre-treated rice straw before wetting with oil–seawater mixture; (d) pre-treated rice straw after wetting with oil–seawater mixture.
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Figure 6. The effect of temperature pre-treatment of RS on the sorption capacity and the efficiency of oil/water absorption. Error bars represent the mean ± SEM of three replicates. 
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Figure 7. The effect of time of heating on the sorption capacity and the efficiency of oil/water absorption by RS pre-treated at 120 °C. Error bars represent the mean ± SEM of three replicates. 
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Figure 8. The effect of packing density on the sorption capacity and efficiency of oil/water absorption of RS pre-treated at 120 °C for 20 min. Error bars represent the mean ± SEM of three replicates. 
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Figure 9. The influence of oil concentration on the sorption capacity and the efficiency of oil/water absorption by RS heat treated at 120 °C for 20 min and at the selected packing density. Error bars represent the mean ± SEM of three replicates. 
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Figure 10. Three-dimensional contour plots generated by Design-Expert (Stat Ease, Inc) of the model terms (a) A: time of heating and B: packing density, (b) B: time of heating and C: oil concentration and (c) B: packing density and D: oil concentration. 
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Table 1. Experimental values and levels of factors tested with a Plackett–Burman design.
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Factors

	
Code

	
Unit

	
Experimental Range




	

	
Low (−1)

	
High (+1)






	
Temperature

	
A

	
°C

	
90

	
130




	
Time of heating

	
B

	
min

	
10

	
70




	
Packing density

	
C

	
g cm−3

	
0.08

	
0.16




	
Oil concentration

	
D

	
% (v/v)

	
5

	
25
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Table 2. Experimental values and levels of the selected independent factors for CCD optimization.
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Factors

	
Code

	
Unit

	
Experimental Values




	
−2

	
−1

	
0

	
+1

	
+2






	
Time of heating

	
A

	
min

	
3.18

	
10

	
20

	
30

	
36.82




	
Packing density

	
B

	
g cm−3

	
0.08

	
0.1

	
0.13

	
0.16

	
0.18




	
Oil concentration

	
C

	
% (v/v)

	
4.88

	
10

	
17.5

	
25

	
30.11











[image: Table] 





Table 3. Summary of major peaks detected in ATR-IR spectroscopic analysis of untreated and pre-treated RS before and after wetting with diesel–seawater mixture.
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Wavenumber

(cm−1)

	
Band Assignments

	
Movement/Vibration

	
References






	
1226

	
Si–O–Si

Si=O

	
Stretching of silica

	
[13,14,22,37]




	
1500–1600

	
ʋ (C=C)

	
Stretching vibration between alkenes and aromatic functional groups




	
2922

	
ʋ (C–H)

	
One of the peaks for cellulose, CH stretching




	
3430–3501

	
ʋ (O–H)

	
Stretching of free hydroxyl groups




	
848

	
Si–H

	
Peak of silica and hydrogen interaction




	
1021

	
C–O

C–O–C

	
A sharp and strong band is attributed to C-O stretching in cellulose, hemicelluloses and lignin or C-O-C stretching in cellulose and hemicelluloses




	
1637

	
H–O–H

	
Stretching of water absorbed




	
1781

	
C=O

	
The absorption of carbonyl stretching of ester and carboxyl groups, which are the most abundant in straw hemicellulose




	
2912

	
C–H

	
Stretching vibration with the presence of alkenes/alkyl group in diesel oil




	
3300

	
O–H

	
Intermolecular hydrogen bond
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Table 4. Secondary screening of significant parameters affecting diesel sorption using a Plackett–Burman design (±SEM, n = 3).
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	Std
	Run
	A
	B
	C
	D
	Response 1

Oil Absorbed (mL)
	Response 2

Water Absorbed (mL)





	3
	1
	130
	10
	0.16
	25
	30.6667
	15



	12
	2
	100
	10
	0.1
	10
	16
	15.6667



	18
	3
	115
	20
	0.13
	17.5
	19.6667
	10



	11
	4
	130
	10
	0.16
	25
	30.6667
	15



	14
	5
	115
	20
	0.13
	17.5
	19.6667
	10



	16
	6
	115
	20
	0.13
	17.5
	19.6667
	10



	13
	7
	115
	20
	0.13
	17.5
	19.6667
	10



	7
	8
	130
	10
	0.1
	10
	16.6667
	11.6667



	9
	9
	130
	30
	0.16
	10
	20.3333
	18



	1
	10
	130
	30
	0.1
	25
	16
	8.3333



	4
	11
	100
	30
	0.1
	25
	19.6667
	10



	17
	12
	115
	20
	0.13
	17.5
	19.6667
	10



	6
	13
	100
	10
	0.1
	25
	21.6667
	8.3333



	8
	14
	130
	30
	0.1
	10
	16
	10



	15
	15
	115
	20
	0.13
	17.5
	19.6667
	10



	5
	16
	100
	10
	0.16
	10
	20.3333
	20



	10
	17
	100
	30
	0.16
	25
	25.6667
	11.6667



	2
	18
	100
	30
	0.16
	10
	18.6667
	20







A: temperature (°C); B: time of heating (min); C: packing density (g cm−3); D: oil concentration % (v/v).
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Table 5. ANOVA of the PBD model used to identify the factors significantly influencing diesel sorption.
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Source

	
Sum of Squares

	
DF

	
Mean Square

	
F-Value

	
p-Value

	






	
Model

	
283.59

	
4

	
70.90

	
31.05

	
<0.0001

	
***




	
A

	
5.79

	
1

	
5.79

	
2.53

	
0.1374

	




	
B

	
32.23

	
1

	
32.23

	
14.12

	
0.0027

	
**




	
C

	
135.56

	
1

	
135.56

	
59.37

	
<0.0001

	
***




	
D

	
110.01

	
1

	
110.01

	
48.18

	
<0.0001

	
***




	
Curvature

	
7.41

	
1

	
7.41

	
3.25

	
0.0968

	




	
Residual

	
27.40

	
12

	
2.28

	

	

	




	
Lack of Fit

	
27.40

	
6

	
4.57

	

	

	




	
Pure Error

	
0.0000

	
6

	
0.0000

	

	

	




	
Cor Total

	
318.40

	
17

	

	

	

	




	
Std. Dev.

	
1.51

	
R2

	
0.9119




	
Mean

	
20.57

	
Adjusted R2

	
08825




	
C.V.%

	
7.34

	
Predicted R2

	
0.7411




	

	

	
Adeq Precision

	
18.4041








A: temperature (°C); B: time of heating (min); C: packing density (g cm−3); D: oil concentration % (v/v); ** p < 0.01, *** p < 0.001.













[image: Table] 





Table 6. Optimization of parameters for diesel sorption by rice straw using a central composite design (CCD).
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	Std
	Run
	A
	B
	C
	Response 1

Oil Absorbed

(mL)
	Response 2

Water Absorbed

(mL)





	12
	1
	20
	0.180454
	17.5
	26
	15.6667



	16
	2
	20
	0.13
	17.5
	19.6667
	15



	20
	3
	20
	0.13
	17.5
	19.6667
	15



	14
	4
	20
	0.13
	30.1134
	22.1067
	13



	18
	5
	20
	0.13
	17.5
	19.6667
	15



	4
	6
	30
	0.16
	10
	19.3333
	15



	15
	7
	20
	0.13
	17.5
	19.6667
	15



	2
	8
	30
	0.1
	10
	12.3333
	9



	19
	9
	20
	0.13
	17.5
	19.6667
	15



	10
	10
	36.8179
	0.13
	17.5
	22
	15



	1
	11
	10
	0.1
	10
	16.5
	13.3333



	3
	12
	10
	0.16
	10
	21
	16.6667



	7
	13
	10
	0.16
	25
	28
	15



	13
	14
	20
	0.13
	4.88655
	9.6
	15.6667



	5
	15
	10
	0.1
	25
	19.3333
	10



	9
	16
	3.18207
	0.13
	17.5
	24.6667
	16



	11
	17
	20
	0.0795462
	17.5
	11.3333
	15



	6
	18
	30
	0.1
	25
	15.6667
	10



	8
	19
	30
	0.16
	25
	23.6667
	15



	17
	20
	20
	0.13
	17.5
	19.6667
	15







A: time of heating (min); B: packing density (g cm−3); C: oil concentration % (v/v).
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Table 7. Results of ANOVA for CCD model identifying factors and pairwise interactions significantly influencing diesel sorption.
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Source

	
Sum of Squares

	
DF

	
Mean Square

	
F-Value

	
p-Value

	






	
Model

	
399.41

	
9

	
44.38

	
30.80

	
<0.0001

	
***




	
A

	
24.57

	
1

	
24.57

	
17.05

	
0.0020

	
**




	
B

	
204.39

	
1

	
204.39

	
141.83

	
<0.0001

	
***




	
C

	
108.73

	
1

	
108.73

	
75.45

	
<0.0001

	
***




	
AB

	
0.4201

	
1

	
0.4201

	
0.2915

	
0.6011

	




	
AC

	
0.5867

	
1

	
0.5867

	
0.4071

	
0.5378

	




	
BC

	
3.34

	
1

	
3.34

	
2.3155

	
0.1591

	




	
A2

	
25.97

	
1

	
25.97

	
18.0191

	
0.0017

	
**




	
B2

	
1.36

	
1

	
1.36

	
0.9461

	
0.3536

	




	
C2

	
24.44

	
1

	
24.44

	
16.9586

	
0.0021

	
**




	
Residual

	
14.41

	
12

	
2.28

	

	

	




	
Lack of Fit

	
14.41

	
6

	
4.57

	

	

	




	
Pure Error

	
0

	
6

	
0.0000

	

	

	




	
Cor Total

	
413.82

	
17

	

	

	

	




	
Std. Dev.

	
1.20

	
R2

	
0.9652




	
Mean

	
19.48

	
Adjusted R2

	
0.9338




	
C.V. %

	
6.16

	
Predicted R2

	
0.7307




	

	

	
Adeq Precision

	
19.8858








A: time of heating (min); B: packing density (g cm−3); C: oil concentration % (v/v); ** p < 0.01, *** p < 0.001.
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Table 8. Model validation using the predicted optimum factor values.
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Optimized Factors

	
Value

	
Predicted Value

	
Experimental Value






	
Time of heating

	
10 min

	
26 mL of diesel with 14 mL of seawater *

	
26 mL of diesel with 14 mL of seawater

± 1 mL *




	
Packing density

	
0.148 g cm−3




	
Oil concentration

	
25% (v/v)








* The significance p-value between predicted and experimental values (p = 0.9999).
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