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Abstract

:

The pretreatment of rubber additives processing wastewater was performed by Al/AC micro-electrolysis (ME). The single-factor experiments for the removal of COD and chroma were investigated. The Box-Behnken Design (BBD) was also applied to optimize the experimental conditions, and the fitted response surface model supplied highly significant quadratic models for the process. The COD removal efficiency reached 51.6% at an initial pH of 9.8, Al scrap dosage of 98.6 g L−1, Al/AC mass ratio of 0.26, and reaction time of 176 min, which was reasonably consistent with the predicated value of 51.9%. Moreover, we proposed a reaction mechanism of the process for the degradation of organic contaminants, and found that the removal of COD and chroma were mainly ascribed to the combination of active hydrogen [H] with strong chemical reactivity and flocculation of aluminum hydroxide. All these results showed that Al/AC ME is a promising pretreatment technique for this wastewater.
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1. Introduction


A great quantity of wastewater from the rubber processing industry was recently directly discharged into the aquatic environment, causing severe environmental pollution [1,2]. A source of pollutants in rubber additive production wastewater is mainly the refractory heterocyclic heterochain organics with high molecular weight, strong toxicity, complex structure and stable properties, which are commonly utilized as vulcanization accelerators in the rubber processing industry [3]. The rubber additive wastewater is endowed with two typical characteristics, including high salt concentration and chemical oxygen demand (COD). Especially for COD, its concentration can reach hundreds of thousands of mg L−1 [4], and if not pretreated, will severely impact the microorganisms in the biochemical pool. Generally speaking, traditional physical and chemical techniques can realize the water resource cycle, but are limited by their high treatment costs and low removal efficiency [5]. Therefore, it is necessary and critical to explore appropriate pretreatment methods to treat rubber additive processing wastewater before entering the environment.



Currently, the micro-electrolysis (ME) process has gradually become a promising research hotspot in the field of wastewater treatment, mainly based on the difference of the redox potential between different materials [6,7], which has been widely applied in dyeing, electroplating, the chemical industry, and other wastewater treatment [8]. Moreover, this process does not need external electrical energy or chemical coagulants [7]. Now, much attention is being paid to degrade organic pollutants in wastewater using a Fe/C ME system [9,10,11]. Nonetheless, due to the corrosion products on the metal surface and large amounts of hydroxide precipitation, the reactivity of Fe is apt to decrease over time [12]. In addition, the pH value affects wastewater treatment efficiency to a great extent [13,14]. It is reported that it is effective only in the pH range of 1.5–4 [15,16].



To overcome the above shortcomings, the Al/AC ME process has gained much interest because of the amphoteric characteristics of Al and little loss of functional materials [17]. In recent years, relevant works have demonstrated that this process achieves better treatment performance for alkaline wastewater than Fe/C ME [18,19,20]. When Al-AC is immersed in wastewater, numerous micro-scale galvanic cells are formed on its surface with Al and C as the anode and cathode, respectively. Al loses three electrons to generate Al3+, and the released electrons accepted by the cathode are transferred to oxygen or targeted contaminants, thus facilitating the reduction reaction process [21]. The reaction process of Al/AC ME is as follows [22,23].



Anodic oxidation:


Al(s)→Al3+(aq) + 3e−, Eθ(Al3+/Al) = −1.667 V



(1)







Cathodic reduction:


2H+(aq) + 2e−→2[H]→H2(g), (H+/H)Eθ = 0 V



(2)







Acidic to alkaline with oxygen:


O2(g) + 4H+(aq) + 4e−→2O + 4[H]→2H2O (acidic, Eθ = (O2/H2O) = 1.23 V)



(3)






O2(g) + H2O + 4e−→4OH− (neutral or alkaline), Eθ = (O2/OH−) = 0.4 V



(4)







Active hydrogen [H] produced by the cathode process has strong chemical activity and can destroy the structure of large molecular organic compounds into small molecular pollutants, thus improving the biodegradability of wastewater. Wang et al. [24] applied the Al/AC ME system to treat dyeing and printing wastewater (pH = 12.06). The results exhibited that the removal efficiency of COD reached 42.22%, and the biochemical oxygen demand (BOD)/COD ratio was increased from 0.15 to 0.46. Moreover, as good flocculants, aluminum hydroxides can also remove small molecule compounds through the combination of enmeshment, coprecipitation, adsorption and interparticle bridging during coagulation [25]. Hence, the Al/AC ME process extensively displayed applications in wastewater treatment because of the high removal efficiencies of chroma and COD.



Kusworo et al. [26] prepared the PSf-TiO2/GO nanohybrid membrane for photocatalytic degradation of organic contaminants in natural rubber wastewater, and the removal efficiencies of COD and NH3 were 60.98% and 91.27%, respectively. To date, there are a few studies on wastewater treatment by the Al/AC ME system [24,27]; however, as reviewed, limited information on the treatment of rubber additives production wastewater utilizing Al/AC ME system has been reported. Therefore, in this paper, the pretreatment of this wastewater is carried out by Al/AC ME. The initial pH, Al scrap dosage, Al/AC mass ratio, reaction time, and stirring speed affecting the chroma and COD removal were investigated. RSM and BBD were adopted to design the experiments, construct models, and optimize the experimental conditions in terms of four independent variables, including initial pH, Al scrap dosage, Al/AC mass ratio, and reaction time. Finally, a plausible reaction mechanism of the Al/AC ME for organic pollutants was proposed.




2. Materials and Methods


2.1. Materials and Chemicals


Before use, the rubber peptizer processing wastewater used in the current study was obtained from a chemical plant in Wuhan. Table S1 described the characteristics of the wastewater. Activated carbon with 1–3 meshes (mm, Wuhan Jinhan Duhua Boke Teaching Instrument Co. Ltd., Wuhan, China) was first soaked in tap water for 2 h, then dipped in real wastewater for 72 h to eliminate the adsorption effect, and finally, washed by deionized water and dried. Aluminum scraps with a particle size range of 3–5 mm from Tianjin Kemeiou Chemical Reagent Co., Ltd. (Tianjin, China) were immersed in alkaline solution with the addition of detergent, and then activated by 5% diluted HCl for 30 min. Finally, the pretreated aluminum scraps were rinsed with deionized water and dried in an oven. Deionized water was utilized for the total experiments.



Potassium dichromate, mercury sulfate, silver sulfate, and silver nitrate were bought from Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China). Sulfuric acid (H2SO4) and hydrochloric acid (HCl) were obtained from the Zhongping Neng Chemical Group Kaifeng Dongda Chemical Co., Ltd. (Kaifeng, China) reagent factory. Sodium hydroxide (NaOH) was purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China). All these chemicals were of analytical grade and utilized without further purification unless otherwise specified.




2.2. Apparatus and Procedure


The experimental apparatus comprised a six-unit electric agitator and beakers (Figure S1). A few beakers (500 mL) containing electrode materials (Al scraps and activated carbon) and wastewater were used to investigate the decomposition of organic contaminants. Rubber peptizer processing wastewater (100 mL) was poured into the beaker. The pH value of wastewater was adjusted by diluted NaOH and H2SO4. The samples were collected at given time intervals and then filtrated by a syringe membrane filter (0.45 μm, Tianjin Keyilong Experimental Equipment Co., Ltd., Tianjin, China) for subsequent analysis. All the measurements were carried out at room temperature.




2.3. Analytical Methods


The pH value of wastewater was determined by a meter (PHS-25, Leici, Shanghai, China). The chroma (color) was obtained by dilution multiple methods based on the national standard methods (State Environmental Protection Administration of China, Monitoring and Analysis Methods of Water and Wastewater, fourth ed., Beijing, China). Briefly, the sample was diluted with pure water to the same color as pure water, and multiple dilution was defined as the chroma. A dichromate method was adopted to measure COD after digestion of the samples in a COD reactor (DRB200, HACH, Ralph, CO, USA) and portable spectrophotometer (DR1900, HACH, USA) according to the fast digestion-spectrophotometric method (HJ/T 399-2007) listed by the Environmental Protection Industry Standard of the People’s Republic of China.



The removal efficiencies of chroma (color) and COD can be expressed as:


R(%) = (C0 − C)/C0 × 100%,



(5)




in which C0 and C are the initial and remaining chroma, respectively,


R(%) = (COD0 − COD)/COD0 × 100%,



(6)




in which the initial and remaining chemical oxygen demand are represented by COD0 and COD, respectively.




2.4. Statistical Analysis and Modelling Using RSM


The statistical design of experiments and data analysis were conducted by Design-Expert® software (version 8.0.6, Stat-Ease, Minneapolis, MN, USA). The effects of Initial pH value, Al scrap dosage, Al/C mass ratio, and reaction time on COD removal efficiency were evaluated by the Box–Behnken Design (BBD). Table 1 listed the experimental range and levels of independent variables utilized in the Al/C ME process with four factors with three levels.



The relationship between the independent variables and the response variable (Y) was predicted by the generalized second-order polynomial model. Equation (7) depicted the quadratic equation for the variable [28,29]:


     Y = β   0  +    β   i    ∑    i = 1   k   X i  +    β    ii     ∑    i = 1   k   X i 2  +    β    ij     ∑    i = 1 ( i < j )   k   X i    ∑  j k   X j   



(7)




where Y is the response variable, Xi and Xj are the coded independent variables, β0 is the constant regression coefficient, and βi, βii, and βij are the coefficient for linear, quadratic, and the interaction terms, respectively. K is the optimal number in this experiment.



The analysis of variance (ANOVA) was performed to analyze these results and verify the statistical significance of the fitted quadratic models at a 95% confidence level [29]. The correlation coefficient (R2 and adj. R2) was used to express the quality of the fitted polynomial model, and the F-value was applied to check its statistical significance. The optimum conditions of responses stimulated by the varied independent variables were investigated by the actual values vs. predicted values and three-dimensional (3D) RSM plots [30]. The experimental reliability and precision can be expressed by a coefficient of variance (CV) value [31].





3. Results and Discussion


3.1. Effects of Operation Parameters on Treatment Efficiency


The treatment efficiency of wastewater depends on the operating parameters to a great extent. The optimal operation conditions are essential for wastewater treatment with the Al/AC ME system. Therefore, the influences of initial pH, Al scrap dosage, and Al/AC mass ration are examined in the following sections.



3.1.1. Effect of Initial pH


According to the reaction mechanism (Equations (1)–(4)) of the Al/AC ME system, this reaction process is susceptible to pH values because the change in how pH value influences the number of formed [H] and O, the dissolution rate of Al, the speciation of Al, and redox potential in the ME system [32]. As exhibited in Figure S2, the effluent pH value is higher than the initial value in the range of 4–6. However, when the pH value exceeded 6, the effluent pH value became lower than the initial value, which was attributed to different forms of Al in solution associated with the pH value of the solution. Additionally, the impacts of an initial pH value on the removal of COD and chroma in the Al/AC ME system were investigated. Figure 1a,b depicted the variation in COD and chroma removal efficiencies with various initial pH values (2–14) after 2 h of treatment. As observed, the COD and chroma removal efficiencies decreased with the increasing initial pH value under an acidic condition. Nonetheless, their removal efficiencies were poor under neutral conditions. Under alkaline conditions, their removal efficiencies first increased with the increase in pH value, and then decreased with the pH value exceeding 10, which was attributed to metal corrosion. In a neutral environment, the Al surface is passivated and its corrosion rate is relatively slow. However, in a strong acidic or alkaline solution, the dissolution rate of Al is higher than the formation rate, and thus, the rate of Al corrosion becomes fast. However, the removal percentages of COD and chroma did not change significantly over the whole pH range. The cost of wastewater treatment will increase if the wastewater is adjusted to strong acidity. Therefore, the Al/AC ME process was performed under alkaline conditions in this study. In comparison, 10 is selected as the optimal pH value in the Al/AC ME process.




3.1.2. Effect of Aluminum Scrap Dosage


Al materials, as a source of Al3+ and Al(OH)3, play a vital role in the ME system. The influences of Al scrap dosage on the COD and chroma removal were evaluated by varying the Al scrap dosage (20–150 g L−1) at 2 h of treatment. However, activated carbon dosage, stirring speed, and the pH value of wastewater was maintained at 150 g L−1, 150 r min−1, and 10, respectively. In Figure 2, the removal efficiencies of COD and chroma largely increased after 2 h with an increasing Al scrap dosage from 20 to 80 g L−1. With a further increase in Al scrap dosage from 80 to 150 g L−1, the increase in COD removal efficiency was negligible. Nonetheless, the chroma removal efficiency continued to increase in the Al scrap dosage range. Considering the Al scrap dosage, attention should be focused not only on the advancement of the treatment effect, but on the economic cost. As the proportion of Al scrap dosage in the liquid–solid mixing system increased, large amounts of [H] and Al3+ were generated. They could also enhance the electrochemical reaction and physisorption of ME system with the help of more microscopic galvanic cells and effective contact areas [33]. However, excess Al scrap dosage is immune to COD removal because the best treatment effect was achieved at the Al/C mass ration determined by the Al scrap dosage, and the remaining amounts of Al scrap will not participate in the reaction. Therefore, the optimal Al scrap dosage was determined to be 80 g L−1 for future work.




3.1.3. Effect of Al/C Mass Ratio


In an Al/AC ME system, the contact areas between scrap aluminum and activated carbon can remarkably affect the number of microscopic galvanic cells [25]. Therefore, the Al/AC mass ratio is a key factor that can significantly influence the treatment efficiency of wastewater in this process. The influence of the amounts of activated carbon on the treatment efficiency of wastewater was displayed in Figure 3. As observed, the removal efficiencies of COD and chroma increased with the decrease of the Al/AC ration, indicating that a small Al/AC ration helps to facilitate the reaction process. This is mainly because the numbers of microscopic galvanic cells were increased by the increased amounts of activated carbon participating in the reaction, and the numbers of microcells can affect Al corrosion and the formation rate of Al3+ [34]. However, their removal efficiencies almost remain unchanged at an Al/AC ration of 1:3. A further decrease in the Al/C mass ration can hardly bring any improvement in COD and chroma removal. An optimal Al/AC mass ratio of 1:3 can accelerate the adsorption of organic pollutants by activated and Al(OH)3. Therefore, it can be determined that the enhancement in removal efficiencies was induced by the enhanced interactions between Al and activated carbon. An appropriate proportion of activated carbon in the Al/AC mixture ensured sufficient contact between Al and AC in the reaction. Hence, the Al/AC mass ratio of 1:3 was recommended in the following experiments.




3.1.4. Effects of Reaction Time and Stirring Speed


The results and discussion regarding to the effects of reaction time (Figure S3) and stirring speed (Figure S4) were displayed in Supporting file.





3.2. Reaction Mechanism


Based on the aforementioned experimental results and discussion, a plausible reaction mechanism of the Al/AC ME process for the decomposition of organic pollutants in an aquatic environment was proposed (Figure 4). Due its high adsorption capacity and conductance [35], activated carbon was used as cathodic protection. At the anode (Al scrap), electrons supplied by Al transferred to the cathode (activated carbon) via micro-scale galvanic cells [36], and the organic pollutants adsorbed on the cathodic surface were attacked by these released electrons. H+ from water ionization gained electrons at the cathode and produced active hydrogen [H] with strong chemical reactivity or H2, and active hydrogen [H]· can partially degrade organic contaminations. In addition, Al loses three electrons to form aluminum ions (Al3+). Then, the precipitation of aluminum ions forms aluminum hydroxides (Al(OH)3, Al(OH)−4, etc.). As favorable flocculants, these aluminum hydroxides can effectively eliminate the organic pollutant from wastewater. The refractory pollutants are decomposed to small molecule intermediates with the assistance of the Al/C ME process, and can also be eliminated by flocculation and coprecipitation of the aluminum hydroxide floc sludge. In other words, many synergy effects related to the Al/C ME process can effectively decompose the organic contaminants in an aqueous environment.




3.3. Statistical Analysis


Four independent variables (X1, X2, X3, and X4) and the response value (Y1) originated from the experiment by the Design-Expert® software (version 8.0.6) on the basis of the Box–Behnken Design (BBD). The response function was established by incorporating the interactions between the four variables, such as four first-order coefficients (X1, X2, X3, and X4), six interaction effects (X1 X2, X1 X3, X1 X4, X2 X3, X2 X4, and X3 X4), and four second-order effects (X12, X22, X32, and X42). The expression was as follows:


Y = 42.58 + 0.069 X1 + 6.89 X2 − 9.31 X3 + 4.62 X4 + 3.26 X1 X2 − 2.49 X1 X3 − 4.74 X1 X4 − 1.54 X2 X3 − 3.67 X2 X4 − 1.11 X3 X4 − 3.67 X12 − 4.13 X22 + 1.30 X32 − 5.13 X42



(8)







The analysis of variance table and analysis of variance (ANOVA) results for the quadratic models were displayed in Table 2 and Table 3, respectively. The correlation between the independent variables and the response was described successfully. The low p-value implied that the terms were significant in the model. As can be seen in Table 2, the regression model with a very low p-value (<0.0001) implied that the model terms were highly significant in the model. In addition, we found that four independent variables were significant model terms, suggesting that the Al scrap dosage (X2), Al/C mass ration (X3), and reaction time (X4) had remarkable influences on COD removal. Nonetheless, the p-values of X1 X2, X1 X3, X2 X3, X2 X4, X3 X4, and X32 were greater than 0.05, indicating that these model terms were not significant in the model. The R2 coefficient was used to investigate the fitness of the model. The model with a high R2 coefficient of 0.9328 confirmed the suitability of fitted models to experimental data. Moreover, the adjusted R2 coefficient of 0.8656 was also responsible for the high significance of the model. A model with CV less than 10% generally can be regarded as reproducible [37]. As found in Table 3, a CV value of 9.29% was obtained in the model, suggesting the model was in the reproducibility. The probability of lack of fit (PLOF) is greater than 0.05, suggesting that the obtained model can fit the experimental data well. Furthermore, the model with adequate precision (AP) higher than 4 indicates adequate model discrimination.



Figure 5 exhibits the plot of the actual values vs. predicted values for COD removal. The reasonable agreement between the predicated and actual values from the model can be observed in the plot. Therefore, the predicted model was demonstrated to be suitable for navigating the design space defined by the BBD [27].




3.4. Process Optimization and Analysis


To further understand the influences of the four independent variables (initial pH, Al scrap dosage, Al/AC mass ratio, and reaction time) on COD removal efficiency, the predicted model was displayed as response surface and contour maps (Figure 6). The optimal values of experimental conditions were achieved at an initial pH of 9.8, Al scrap dosage of 98.6 g L−1, Al/AC mass ratio of 0.26, and reaction time of 176 min for maximal COD removal efficiency of 51.9%. Besides, the optimized COD removal efficiency was selected based on the energy consideration. Additional experiments were performed to further confirm the predicted values adopting the optimal experimental conditions, and the obtained results are shown in Table S2. As observed, the experimental data were in good accordance with the predicted value for COD removal efficiency, suggesting the response surface method is of high precision and good predictability in the treatment of rubber additives in wastewater.





4. Conclusions


In this work, the Al/AC ME system was explored to treat rubber additives processing wastewater in an aqueous environment. Firstly, single-factor experiments (i.e., initial pH, Al scrap dosage, Al/AC mass ratio, reaction time, and stirring speed) were applied to assess the influences of COD and chroma removal. Experimental results showed that the removal efficiencies of COD and chroma reached 44.2% and 88.9% at an initial pH of 10, Al scrap dosage of 80 g L−1, Al/AC mass ratio of 1:3, reaction time of 150 min, and stirring speed of 300 r min−1, respectively. The significant and interactive effects of four independent variables, such as initial pH value, Al scrap dosage, Al/AC mass ratio, and reaction time were validated by RSM based on the Box–Behnken model (BBD). The high R2 value for the predicated model by ANOVA implied that an acceptable polynomial model was obtained. The optimal experimental conditions were as follows: the initial pH was 9.8, Al scrap dosage was 98.6 g L−1, Al/AC mass ratio was 0.26, and the reaction time was 176 min. At these conditions, the experimental value of 51.6% for COD removal efficiency was almost identical to the predicated value of 51.9%. Furthermore, a plausible reaction mechanism of the Al/AC ME process for the decomposition of organic pollutants in an aquatic environment was proposed. The active hydrogen [H] and flocculation of aluminum hydroxide were responsible for the removal of COD and chroma. This work paves an avenue for future rubber additives wastewater treatment by the ME process.
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Figure 1. Influences of initial pH on (a) COD and (b) chroma removal at 2 h. Reaction conditions: Al scrap dosage, 100 g L−1; Al/AC mass ratio, 1:2; rotate speed, 150 r min−1. 
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Figure 2. Influence of Al scrap dosage on (a) COD and (b) chroma removal at 2 h. Reaction conditions: Activated carbon dosage, 200 g L−1; rotation speed, 150 r min−1; pH value, 10. 
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Figure 3. Influence of Al/AC mass ratio on (a) COD and (b) chroma removal at 2 h. Reaction conditions: Al scrap dosage, 80 g L−1; rotation speed, 150 r min−1; pH value, 10. 
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Figure 4. Proposed reaction mechanism of the Al/AC ME process for the decomposition of organic contaminants. 
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Figure 5. COD removal efficiency response surface model, predicted value vs. actual value. 
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Figure 6. Response surface (a,c,e,g,i,k) and contour map (b,d,f,h,j,l) of COD removal percentage. 
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Table 1. Response surface experimental factors and level design.
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Level

	
Independent Variables and Range




	
Initial pH (X1)

	
Al Scrap Dosage (g L−1) (X2)

	
Al/C Mass Ratio (X3)

	
Reaction Time (min) (X4)






	
−1

	
8

	
50

	
0.20

	
150




	
0

	
10

	
75

	
0.35

	
180




	
1

	
12

	
100

	
0.50

	
210
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Table 2. Analysis of variance q.
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	Sources of Variation
	Sum of Squares
	Degree of Freedom
	Mean of Squares
	F-Value
	p





	Model
	2391.05
	14
	170.79
	13.88
	<0.0001



	X1
	0.057
	1
	0.057
	4.67 × 10−3
	0.9465



	X2
	568.98
	1
	568.98
	46.25
	<0.0001



	X3
	1040.67
	1
	1040.67
	84.59
	<0.0001



	X4
	218.03
	1
	218.03
	17.72
	0.0009



	X1X2
	42.64
	1
	42.64
	3.47
	0.0838



	X1X3
	24.8
	1
	24.8
	2.02
	0.1775



	X1X4
	89.78
	1
	89.78
	7.3
	0.0172



	X2X3
	9.55
	1
	9.55
	0.78
	0.3932



	X2X4
	53.95
	1
	53.95
	4.39
	0.0549



	X3X4
	4.95
	1
	4.95
	0.4
	0.5361



	X12
	87.18
	1
	87.18
	7.09
	0.0186



	X22
	110.69
	1
	110.69
	9
	0.0096



	X32
	11.03
	1
	11.03
	0.9
	0.3598



	X42
	170.6
	1
	170.6
	13.87
	0.0023



	Residual
	172.24
	14
	12.3
	
	



	Lack of fit
	134.86
	10
	13.49
	1.44
	0.3864



	Pure error
	37.38
	4
	9.34
	
	



	Total error
	2563.29
	28
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Table 3. ANOVA results of response variable.
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	p
	AP
	S.D.
	R2
	Radj2
	F
	PLOF
	CV (%)





	<0.0001 s
	15.459
	3.51
	0.9328
	0.8656
	13.88
	0.3864 ns
	9.29







Notes: p, probability of error; AP, adequate precision; S.D., standard deviation; R2, correlation coefficient; Radj2, adjusted correlation coefficient; PLOF, probability of lack of fit; CV (%), coefficient of variance; s, significant; ns, not significant.
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