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Abstract

:

The Powder-Activated Carbon (PAC) under optimum conditions from a new low-cost precursor Date Palm Fibre (DPF) biomass through a carbonization followed by KOH activation has been synthesized by response surface methodology (RSM) combined with central composite design (CCD). The special effects of activation temperature, time, and impregnation ratio on bio-PAC Aluminum (Al3+) removal and uptake capacity were examined. The optimum conditions for synthesized bio-PAC were found to be 99.4% and 9.94 mg·g−1 for Al3+ removal and uptake capacity, respectively at activation temperature 650 °C, activation time 1h and impregnation ratio 1. The optimum bio-PAC was characterized and analyzed using FESEM, FTIR, XRD, TGA, BET, and Zeta potential. RSM-CCD experimental design was used to optimize removal and uptake capacity of Al3+ on bio-PAC. Optimum conditions were found to be at bio-PAC dose of 5 mg with pH 9.48 and contact time of 117 min. Furthermore, at optimized conditions of Al3+ removal, kinetic, and isotherm models were investigated. The results reveal the feasibility of DPF biomass to be used as a potential and cost-effective precursor for synthesized bio-PAC for Al3+ removal.
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1. Introduction


Concentrations of heavy metals in water are increased due to wastes of industrial, mining and human activities, and construction of siding and motor vehicles. In the aqueous systems, metals mobility and non-biodegradable are the most present and have the tendency to gather in living tissues, which may eventually lead to disorders and diseases [1,2,3]. One of the most important metals is Aluminum (Al3+), which is known to be a vital element in the earth’s layer. However, it holds an immense risk of negatively affecting health of both humans and animals at high concentrations [4,5,6].



According to the Environmental Protection Agency (EPA), the drinking water is not supposed to contain Al3+ more than 0.20 mg·L−1 [7]. Thus, it is necessary to get rid of Al3+ from water. In order to eliminate Al3+ and other heavy metals, several methods have been applied like biosorption [8], coagulation and flocculation [9], visual mesocaptor [10], membrane processes [11], ion exchange, monolithic scaffolds [12], complexation, cementation, and chemical precipitation [13,14,15,16]. However, the incomplete metal elimination, constant input of chemicals and high costs are among the disadvantages of applied methods [17,18].



Previously, the adsorption technique has been proven to be one of the most effective methods due to its advantages such as simplicity of design, easy operation, environmentally friendly, cost-effective, high efficiency, and reusability of adsorbent [19]. Different adsorbents were used for water treatment including carbon, industrial wastes, zeolite, and natural clay. Carbon-based materials have been widely used in wastewater treatment due to their unique chemical and physical properties, such as chemical inertness, high surface area, and a large number of edge-plane-like defects [20]. In terms of ability for high removal efficiency of pollutants, powder-activated carbon (PAC) has been established to be superior compared to other adsorbents for wastewater treatment due to distinct advantages such as excellent adsorption characteristics, larger number of pores, simplicity of design and low cost substrate mainly from biomass [12,21,22,23]. The PAC has been produced from different sources including starch [24], clay [25], activated charcoal, wood charcoal, date-pit, and BDH-activated carbon, plants, algae, mushrooms, and bacteria [6,26]. However, these sources have some limitations such as low efficiency and high cost. Therefore, there is a need to identify new sources to serve as adsorbents for pollutants removal.



The Iraqi Date Palm Fibre (I-DPF) is proposed in the present study as a source of activated carbon since date palm is regarded as a very popular plant in Iraq. I-DPF is neither consumed by humans in any forms not preferred by animals. The responses towards the irradiance intensity, which affects the date palm’s production of carbon/nitrogen ratio, differs according to the type of the date palm. The I-DPF is selected due to availability of high ratio of carbon to nitrogen [27] (See Figure S1 and supplementary data).



Moreover, it has been reported that chemical activation leads to good surface area and better pore volume for removal and uptake capacity compared to physical activation [28]. Thus, the challenge associated with PAC formation is optimization of the process conditions to produce PAC acceptable for required application. The preparation variables include activation temperature, time and impregnation ratio for controlling the removal efficiency. The optimum value of process variables can be obtained by experimental design technique to optimize the interactions between the process variables.



In order to explore and study the possible exchanges and connections of three or more variables, it is believed to better rely on the Response Surface Methodology (RSM) [29]. RSM has been used by previous studies for preparing PAC, where the tentative experimental conditions were optimized by applying different types of precursors such as luscar char [30], coconut husk [31], Turkish lignite and olive-waste cakes [30,32]. So far, no information found in literature about optimization synthesis bio-PAC from I-DPF biomass using KOH activation agent for Al3+ removal by RSM.



Therefore, this study focuses on finding optimum operating conditions for synthesis, biomass powdered activated carbon (bio-PAC) from new precursor I-DPF. Furthermore, the bio-PAC at optimum condition was characterized and analyzed using physico-chemical techniques such as FESEM, FTIR, XRD, TGA, BET and Zeta potential and utilized for Al3+ ions removal from water. RSM was applied to obtain the maximum adsorption capacity of bio-PAC. In addition, the effect of adsorbent dose, pH and time were studied and optimized using RSM. The isotherm and kinetics studies were performed according to the optimized conditions to provide better understanding of the adsorption process of Al3+ on bio-PAC from I-DPF.




2. Materials and Methods


2.1. Materials


Aluminum standard solution Al (NO3)3 × 9H2O, hydrolytic acid (HCl), sodium hydroxide (NaOH) and potassium hydroxide (KOH) were purchased from Merck (Malaysia). I-DPF was obtained from local farms in Basrah, Iraq and has been used as a raw material in the present study.




2.2. Preparation of Activated Carbon


Date palm fibre was dried for 24 h under the temperature of 105 °C before the surface-adhered particles were removed through washing the fibre with distilled water. Subsequently, another process of crushing and sieving the dried fibre to reach the carbonization phase at 700 °C under the purified nitrogen, 99.995% where the flow rate is 150 cm3/min over two hours. This process takes place in a horizontal tubular furnace where the heating was stabilized at 10 °C/min. Carbonized samples were scaled and soaked with KOH pallets at multiple impregnation ratio according to Equation (1):


IR=WKOH/WCarbonized



(1)




where WKOH is the dry weight (g) of KOH pallets and WCarbonized is the dry weight (g) of carbonized. All the KOH pallets were dissolved by distilled water.



Oven was used to dry the mixture overnight at 105 °C. Similar to the carbonization phase, the activation step was applied through a vertical tubular furnace, but at different activation temperature and time. Depending on the activation temperature, carbon dioxide CO2 substitutes nitrogen in the gas flow of 150 cm3/min. The activated product was cooled to room temperature under a specific nitrogen flow. Finally, the samples were washed with hot deionized water and 0.1 M hydrochloric acid (HCL) for pH of washing solution to reach 6–7.




2.3. Experimental Design and Optimization of Synthesized PAC


To figure out the best operating conditions for the synthesized bio-PAC, it is highly significant to determine the mutual connection among the varied procedures which is regarded as the key for Designing the Experiment (DoE). Moreover, there are some other crucial elements which need to be taken into consideration during the methodological design. DoE has to be economic and cost-efficient. On the other hand, the experimental time has to be decreased in order to save the material [29]. To analyze and demonstrate the problem in this present study besides processing optimization, the approach of Response Surface Methodology (RSM) was employed as it is considered to be a very effective statistical method [33,34].



The Central Composite Design (CCD) was utilized to plan experiments which allow the optimization of production parameters, comprising activation temperature and time and impregnation ratio, via the application of Design-Expert V7.0. These variables are summarized in Table 1. To make most of design response shown through the bio-PAC (removal %) and (uptake capacity mg·g−1), the process of optimization was conducted. The model implemented for the studied responses had to be adequate. Accordingly, the model’s suitability was justified by the performance of Analysis of Variance ANOVA. To assess the reliability and certainty of suggested model, the coefficient of determination (R2) was predicted. Additionally, the connection between different variables was inspected through the employment of RSM.




2.4. Adsorption Study


2.4.1. Screening of Different Conditions Adsorbent


A fixed dosage was conducted at 250 mL conical flasks of each adsorbent (50 mg) in 100 mL of 5 mg·L−1 concentration Al3+ standard solution and pH 6.5 was arranged via deionized water. The next step was aiming at attaining equilibrium through placing the flasks in a specific system where they were mechanically shaken with agitated speed, 180 rpm at a room temperature. Once the previously mentioned procedure was over, a syringe filter, 0.45 μm polypropylene membrane was used to filter the solution. After that, the inductively coupled plasma optical emission spectrometry (ICP-OES) Perkin Elmer Optima 7000 DV, Chicago, USA, was utilized to measure the final concentration of metal ion solution. All adsorbent conditions were optimized according to Al3+ removal and uptake capacity efficiency as listed in Table 2. The adsorbent which was found to have the highest removal and uptake capacity was chosen to conduct and explore additional studies. The removal percentage (%) and uptake capacity qc (mg·g−1) were calculated based on Equations (2) and (3), respectively [35]:


Removal (%)=Co−CeCo×100



(2)






qc=(Co−Ce)VW



(3)




where Co and Ce are the starting concentration of Al3+ and concentration after a period (mg·L−1), respectively, qc is the amount of Al3+ adsorbed by bio-PAC (mg·g−1), V is the initial volume of the solution (L) and W is the dry adsorbent weight used (mg).




2.4.2. Optimization of Al3+ Adsorption


RSM and the software Design of Experts V7.0, CCD were applied to improve and enhance the conditions of Al3+ removal. The impact and connection of three parameters were investigated, specifically the amount of bio-PAC dosage (5–20 mg), contact time (5–120 min) and pH (3–11) as shown in Table 3. Uptake capacity (mg·g−1) and removal percentage (%) were adopted as a response function of optimization study. The primary concentration, 5 mg·L−1 was performed for the optimization. The Flasks were agitated on a shaker at 180 rpm.




2.4.3. Adsorption Isotherm and Kinetic Studies


The transfer rate of ions from the solution to surface of adsorbents and correlated factors are pivotal as they can be specified by implementing the kinetic study. The adsorbent efficiency is specified by the adsorption system kinetic rate and can determine the adsorbent possible applications [36]. The kinetic study was accomplished by fixing the adsorbent dosage and pH parameters. Different values of Al3+ ions concentrations, 3 and 5 mg·L−1, and at different contact times were studied until the equilibrium state was obtained after 92 min. In the present study, three well-known kinetic models were applied including pseudo-first-order, pseudo-second-order and intraparticle diffusion models.



The isotherm study includes the optimum condition of pH, the amount of adsorbent dosage and contact time which were obtained from the optimization study. Freundlich and Langmuir isotherm models were applied in the isotherm study. These aforementioned models are meant to describe the Al3+ ions adsorption to the bio-PAC surface where the initial concentration of Al3+ was varied from 3 to 40 mg·L−1 [37].





2.5. Characterization of Powder-Activated Carbon


The synthesis of bio-PAC was characterized at optimum condition. The Fourier transform infrared (FTIR) (Perkin Elmer spectrometer, Chicago, USA) was used to examine the exterior functional groups and chemical bonds, and the X-ray Diffraction (XRD) was utilized to analyze the adsorbent structure phase compositions and materials properties by Burker AXS D8 advance Karlsruhe,, Germany using Diffrac software, while the thermogravimertic (TGA) and differential thermogravimetry (DTG) were implemented to study the thermal oxidation using thermal analyzer (STA-6000 Perkin Elmer, Chicago, USA). A surface morphology was determined by Field Emission Scanning Electron Microscope (FESEM) model (ZEISS, MERLIN, UK) equipped with an energy dispersive X-ray spectrometer (EDX). Moreover, the surface area and pore size were determined by Brunauer-Emmett-Teller (BET) method (TriStar II 3020, USA). Additionally, the Zeta potential (Malvern, Zeta sizer, UK) was employed to measure the surface charge.





3. Results and Discussion


3.1. Model Establishment and Analysis


RSM and CCD were used to examine the CO2 decomposition which may be influenced by the activation temperature, time and KOH ratio. Hence, 16 rounds were completely performed besides using the analysis of variance (ANOVA) known as multiple variable analysis to study the impact on removal (%) and uptake capacity (mg·g−1. It was perceived that even though the coefficient of determination (R2) of 2FI (0.7403) model indicated close correlation, the 2FI model was more significant as its probability, Prob > F value was calculated, 0.0497 < 0.05 32. The 2FI model was selected for uptake capacity (mg·g−1) analysis due to higher R2 (0.7403), even though Prob value of mean < 0.05. Table 2 demonstrates the 16 runs’ results for both responses (removal % and uptake capacity mg·g−1) which were achieved through the DoE.




3.2. Statistical Analysis and Modelling


The ANOVA outcomes for removal (%) responses presented in Table 4 shows that the main effects of activation temperature (A), interaction of activation time (B) and impregnation ratio (C) of bio-PAC, as their Prob > F values were less than 0.05. Consequently, we can deduce that A and AC were the main factors for removal (%). The activation parameters remained, including the activation time (B), impregnation ratio (C), interaction of A and B (AB) were shown to have Prob > F values greater than 0.05. Therefore, these parameters hold less effect upon removal (%) over the studied range. Yet, to guarantee the chosen 2FI model stayed hierarchical, the previous mentioned model terms were still included in the analysis. Table 4 and Table 5 illustrate the accurate response data of removal (%) and uptake capacity (mg·g−1) to mean, linear, two-factor interaction (2FI), quadratic and cubic polynomial models, which were extracted through DoE. The regression equation for removal (%) is given by:


Removal (%)=+98.19−0.18A−0.30B−0.13C+0.07AB+0.67AC−0.12BC



(4)




where A embodies the activation temperature, B is the activation time and C is the impregnation ratio.



Equation (4) paves the way to better predict and compare between the experimental results and model values of removal (%) which is portrayed in Figure 1a. A simulated model was consistent with the results, which is designated by a high R2 value. Figure 1a exhibits the worthy merging between the experimental and expected values of removal (%).



The ANOVA outcomes for uptake capacity (mg·g−1) responses are presented in Table 3. The impact of A, parallel to removal (%), was very noteworthy with a Prob > F value that less than 0.05. Therefore, we can conclude that A was the major determinant of uptake capacity (mg·g−1). The other reaction parameters, such as B, C, the interaction of A and B (AB), the interaction of A and C (AC) revealed Prob > F values were higher than 0.05. Therefore, these parameters can be concluded had effect on uptake capacity (mg·g−1) over the studied range. The regression Equation (5) for uptake capacity (mg·g−1) is given by:


Adsorption Capacity=+9.82−0.018A−0.030B−0.013C+7.628E−003AB+0.067AC−0.012B



(5)




where A represents the activation temperature, B is the activation time and C is the impregnation ratio.



Equation (5) clarifies better comparison between experimental results and model values of uptake capacity (mg·g−1) which is shown in Figure 1b. A simulated model was consistent with the results, which is designated by a high R2 value. Figure 1b illustrated the exceptional merging between experimental and expected values of uptake capacity (mg·g−1).




3.3. Effects of Activation Temperature, Activation Time, and Impregnation Ratio


The impact of three major variables on Al3+ removal (%) and uptake capacity (mg·g−1) through the creation of a three-dimensional response surface was displayed in Figure 2. Moreover, Figure 2 demonstrated a three-dimensional surface graphs and contour plots between the factors. Activation temperature imposed greater effect on powder-activated carbon removal (%) and uptake capacity (mg·g−1) compared to activation time as shown in Figure 2a [38]. It was detected that Al3+ removal augmented with the rise in the activation temperature. The maximum amount of latter lead to the highest Al3+ removal (%) and uptake capacity (mg·g−1). The bio-PAC could be broadened by elevating the activation temperature which made it more suitable for Al3+ removal (%) and uptake capacity (mg·g−1).



Similarly, Figure 2b presents the important interaction between the temperature and impregnation ratio. The increase in removal of Al3+ is related to the rise in KOH impregnation ratio. Accordingly, the removal (%) and uptake capacity (mg·g−1) are increased as the impregnation ratio increases due to vital role of KOH impregnation on bio-PAC pore structure. The massive growth and development of carbon materials were due to impregnation ratio which contains intercalated chemicals as it was elaborated by many researchers. From the other hand, the massive progression of carbon material leads to the formation of a wide surface area and high pore volume [31,39,40].



According to Figure 2c, under specific conditions, the interaction effect between activation time and KOH impregnation ratio (IR) has a slightly significant influence on the percentage of Al3+ removal (%) and uptake capacity (mg·g−1), implying the activation time gave no significant effect on pore form structure. While activation temperature and KOH impregnation ratio has significantly changed on pore form structure, the results obtained were in agreement with other works [31,41].




3.4. Optimization Study of Synthesis bio-PAC


RSM was used to optimize the variables which have an impact on the removal and uptake capacity of Al3+ from the aqueous solution. The CCD method was selected as the desired goal for each parameter and response. However, it turned out to be problematic to optimize the responses under the same circumstances because of diverse interest regions of variables.



Table 6 displays the optimum parameters from numerical optimization to acquire a high value of bio-PAC removal (%) and sufficient amount of bio-PAC uptake capacity (mg·g−1) together with the results from validation experiment. To further authenticate and confirm the developed model, an experiment was carried out through the previously mentioned optimum processing condition. The expected and experimental results of bio-PAC removal (%) and uptake capacity (mg·g−1) were in an upright covenant. As a result, the expectations from ANOVA model were ensured through the obtained results for both responses under the experimental conditions. The optimum preparation conditions for the maximum desirability were chosen and applied to prepare optimum bio-PAC.



The optimum bio-PAC was attained by applying an activation temperature 650 °C, activation time 1h and KOH impregnation ratio 1. The results show that the predicted removal of 99.423% and uptake capacity of 9.9423 mg·g−1 for Al3+ adsorption close to the experimental values with a slight error, 2.58%.




3.5. Analysis and Characterization


3.5.1. FTIR analysis


The spectrum of raw and bio-PAC are shown in Figure 3. The spectrum (a) of raw exhibits more functional groups at broad 3354 cm−1 indicates O-H stretching vibrations of cellulose, pectin, absorbed water, hemicellulose and lignin [42]. The notable band at 2889 cm−1 indicated by the vibration of C-H stretching of methyl groups. The peak at 1607 cm−1 is responsible for N-H bond stretching. Moreover, bands between 1242 and 1030 cm−1 could be dedicated to the stretching vibration of carboxylic acids alcohols C-O and phenol group. In addition, spectrum (b) shows that the bio-PAC processes of the O-H stretching vibration peaks loses its strength and intensity due to the evaporation of moisture and volatile contents [43]. It has been strikingly observed that the unique peak in the range of 2154 cm−1 is specified for C=O stretch of CO2. The band at 1559 cm−1 is attributed to C=C vibration in aromatic rings [44]. Thus, the appearance shoulder of band at 873 cm−1 is indicated to vibration stretching in C-H. The presence of functional groups plays an important function in the adsorption of pollutant ions.




3.5.2. XRD Analysis


The XRD is a fundamental method for evaluating the carbon staking structure [45]. XRD patterns are shown in Figure 4. Raw (a) and bio-PAC (b) show amorphous structure together, which is a valuable property for highly porous material. The raw amorphous structure was contributed with high content of hemicellulose and lignin [46]. The reduction of amorphous structure was observed for the conversion of raw to bio-PAC (Figure 4b) due to hemicellulose and the lignin which are exposed to high temperature [47]. The wide diffraction pattern exhibits a peak at 29.39° and 43.33°, that is attributed to (002) and (101) reflections of graphite, respectively. These peaks demonstrate a partially graphitic layer structure of bio-PAC. The hemicellulose and lignin were disappeared due to degradation of activated DPF which is in line with FTIR results as shown in Figure 3.




3.5.3. Thermogravimetric Analysis (TGA)


The behavior of TGA curves with a heating step in oxygen of DPF as illustrated in Figure 5 comprises of 157, 445, 540 and 724 °C. The first peak at 157 °C can be explained by the volatilization, hemicelluloses material in TFC and the moisture loss from the surface. The evaporation of these smaller volatile molecules due to the decomposition of thermal treatment [48]. Until the temperature reached 445 °C, the massive loss of DPF sample was documented at only 20%. The degradation of DPF began at 445 °C and resulted in 30% of weight loss. On the other hand, the degradation of bio-PAC started at 541.6 °C. The sharp mass degradation of amorphous carbon oxidizes around 500 °C. This huge loss was caused by CO2 release from the bio-PAC. At temperature 570.39 °C, the immense losses were 12.94%. It was mainly due to lignin decomposition since the lignin decomposes over a broad range of temperature.




3.5.4. FESEM and EDX


FESEM and EDX are given in Figure 6. FESEM was used to investigate the surface morphology of bio-PAC which is synthesized from the optimum condition of DPF. The pore size distribution is believed to have a harmonious and a fairly identical affiliation with pore arrangement as it was illustrated in Figure 6a,b. It was pointed out in the micrograph images that cylinder-like tubes compose the pore structure of the prepared bio-PAC. The activated carbon made of jute and coconut fibres were reflecting the same trend [49]. Furthermore, it was revealed that the formulation of a high surface area with well-built and developed pores on the fibre surface can be effectively reached through the KOH which works as an activating agent along with the activation procedure. EDX spectroscopy was used to determine the element composition of bio-PAC as illustrated in Figure 6c.




3.5.5. BET Analysis


The nitrogen adsorption isotherm of bio-PAC is shown in Figure 7. This adsorption isotherm exhibits type IV according to IUPC classification and hysteresis loops were observed around 0.45 which is demonstrated by mesoporous material. The pore size of bio-PAC can be categorized into three types micropores (<2 nm), mesopores (2–50 nm) and macropores (>50 nm) [12,50]. BET surface area, pore volume and pore diameter of bio-PAC were 669.72 m2/g, 0.312 cc/g and 1.53 nm, respectively. Therefore, the prepared bio-PAC can be classified as a material which has pores in the mesoporous category.



Particularly, the adsorption mechanism of bio-PAC depends on the mesoporous capacity. The existence of mesoporous in bio-PAC might enhance the adsorption of Al3+ from wastewater. Ghani et al. [51] highlighted that mesoporous is highly important for adsorption in the liquid phase because it may act as diffusion channels.




3.5.6. Zeta Potential


Zeta potential refers to the potential of electric at the interfacial of stationary fluid layer attached to the adsorbent. 10 mg of bio-PAC was dispersed in 20 mL. The zeta potential was measured as a function of pH ranges from 3–11. The results revealed that the surface charge of bio-PAC increased from 0.0415 to−0.0602. The effect of pH on the surface charge can be clearly observed in Figure 8. This phenomenon might be attributed to ionization of oxygen comprising of functional groups on the surface like -OH and –COOH which is matched with FTIR analysis [52]. Moreover, the pH of the adsorbent can be changed to negative or positive charge. When the pH adsorbent < pHzpc adsorbent, the adsorption of negative is chosen. In opposition, the adsorption of positive is chosen when pH adsorbate > pHzpc adsorbent [53,54]. The alkaline pHzpc value attained by the bio-PAC was possibly due to the presence of alkaline earth, alkaline metal (K) and metal (Mg) on its surface as shown by EDX analysis (Figure 6).





3.6. Adsorption Study


3.6.1. Optimization and Analysis of Variance (ANOVA) on Adsorbent of Al3+


The optimization study was obtained by using RSM approach. The results of optimum parameters of each run, in terms of DoE are shown in Table 3. The highest removal and uptake capacity under optimum condition were amount of bio-PAC dose 5 mg, pH 9.48 and contact time 117 min as seen in Table 3.



The ANOVA of adsorption process on bio-PAC showed that the F-values are 48.89 and 92.30 which indicate that both removal (%) and uptake capacity (mg·g−1) models are significant. For removal (%), the values of “Prob > F” <0.0500 indicate that model terms are significant. In this case, B, C, AB, BC, B2 are considered to be significant model terms. However, for the cases of uptake capacity (mg·g−1) B, AB, BC, B2 are significant model terms. Table 7 and Table 8 listed the mean square, P-values, F-values and mean square for removal and uptake capacity.



Both models are assigned for removal (%) and uptake capacity (mg·g−1) with the followings Equations (6) and (7):


Removal (%)=+100.14−1.31A+12.99B+5.16C−3.64AB+1.35AC+5.88∗B∗C−2.04A2−26.72B2−2.82C2



(6)






Uptake capacity (mgg)=+10.01−0.13∗A+1.30∗B+0.52∗C−0.36∗A∗B+0.14∗A∗C+0.59∗B∗C−0.20∗A2−2.67∗B2−0.28∗C2



(7)




where A, B and C represented bio-PAC dose, pH and contact time, respectively.




3.6.2. Effects of Optimization Variables on Adsorption of Al3+


The effects of bio-PAC dose and contact time on adsorption are shown in Figure 9a. Contact time has significantly affected the optimization of Al3+ removal and uptake capacity compared to bio-PAC dose [55]. Figure 9b demonstrates the interaction effect between bio-PAC dose and pH on removal (%) and uptake capacity (mg·g−1) at a specific time. Active sites concentration can be increased if the amount of adsorbent is augmented. Consequently, this aids at regulating the adsorption solution of electrostatic charge according to the desired level by eliminating the competitive H+ cations. From the other hand, setting a particular pH and contact time rises the adsorbent dose removal, unlike the uptake capacity which was found to be decreased.



The effect between pH and contact time on the adsorption process is presented in Figure 9c. The removal (%) augmented with pH increasing and extended the maximum pH 9.48, followed by a sudden reduction with the increasing pH. Moreover, the uptake capacity (mg·g−1) observed a similar trend where it reached its maximum pH 9.48 and became constant [56].



It is very common that high values of pH lead to the rapid emergence of heavy metals [57]. Therefore, the impact of OH− anions existing in the solution results into the precipitation of Al3+ in a form of Al3+ (NO3) [58]. For the sake of altering and regulating the pH, the primary concentration measurement was taken. Thus, the impact of precipitation will be at its minimum upon the adsorption process of bio-PAC [59].



Regardless the precipitation phenomena, the rise of pH effect reduces the overall amount of H+ cations that are in competition with the Al3+ cations for occupying the active sites on the adsorbent. Furthermore, high pH improves the adsorbent surface charge.




3.6.3. Kinetic Study


The kinetic study was conducted to examine the reaction behavior of bio-PAC adsorbent. Three kinetic models were utilized on experimental data namely pseudo-first-order, pseudo-second-order and intraparticle diffusion model [60]. The kinetic study was conducted at different Al3+ concentrations, 3 and 5 mg·L−1, with fixed values of adsorbent dosage 5 mg, pH of 9.48 at different time interval until the formation of an equilibrium state. The results of three well-known models reveal that the best fitting is with the pseudo-second-order at different concentrations of Al3+ with a higher value of correlation coefficient R2 compared to the pseudo-first-order and intraparticle diffusion models correlation coefficient values [61]. The results of the pseudo-second-order are shown in Figure 10. For both concentrations 3 and 5 mg·L−1, the kinetic results of the three applied models are given in Table 9.




3.6.4. Isotherm Study


The isotherm study was conducted to describe the Al3+ ions adsorption onto the bio-PAC adsorbent surface using Freundlich and Langmuir isotherm models. Different Al3+ were employed to study the adsorption isotherm, 3, 5, 10, 20, 30 and 40 mg·L−1. Optimization study showed that pH and adsorbent dosage are found to be at 9.48 and 5 mg, respectively. The Freundlich and Langmuir isotherm results are presented in Figure 11.



Comparing the Freundlich to Langmuir, the result reveals that the Freundlich has a better fit for the Al3+ adsorption onto the bio-PAC adsorbent surface. The coefficient of correlation (R2) obtained from Freundlich model is 0.9907, whereby, the R2 obtained from the Langmuir model is 0.9143. The results indicate that the adsorption of Al3+ happens at a heterogeneous surface with an interaction between molecules of adsorbent [62].






4. Conclusions


The two step processes of carbonization followed by KOH activation were established to be effective techniques for converting I-DPF to a potential adsorbent bio-PAC for removal and uptake capacity of Al3+ from wastewater. The finding of optimum conditions to synthesized bio-PAC was examined using RSM. It was found that the optimum activation temperature, time and impregnation ratio is 650 °C, 1h and 1, respectively. The activation temperature displayed the highest influence on adsorption process. The optimized bio-PAC was characterized and analyzed using FESEM, FTIR, TGA, XRD, EDX, BET and Zeta potential. Furthermore, optimization of Al3+ was investigated by RSM technique and it was found that the optimum conditions for maximum removal and uptake capacity were 5 mg·g−1, 9.48 and 117 min for bio-PAC dose, pH and contact time, respectively. Under these optimized conditions, the maximum removal and uptake capability were 96.5 (%) and 104.47 mg·g−1, respectively. For kinetics and isotherm studies, the pseudo second order and Langmuir models were best fitted to describe the Al3+ adsorption performance. Based on the obtained results, I-DPF biomass might serve as a potential precursor for synthesized bio-PAC and as a good adsorbent for numerous environmental applications.
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Figure 1. Parity plot of actual and predicted values of (a) removal (%) and (b) uptake capacity (mg·g−1). 
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Figure 2. Surface response plots for the effects of (a) activation temperature and impregnation ratio (b) activation temperature and activation time (c) impregnation ratio and activation time, on removal (%) and uptake capacity (mg·g−1). 
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Figure 3. FTIR spectra of (a) raw date palm fibre (DPF) before activation and (b) bio-powder activated carbon (bio-PAC) after activation. 
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Figure 4. XRD spectrum for (a) raw date palm fibre (DPF) before activation (b) bio-powder activated carbon (bio-PAC) after activation. 






Figure 4. XRD spectrum for (a) raw date palm fibre (DPF) before activation (b) bio-powder activated carbon (bio-PAC) after activation.



[image: Processes 07 00249 g004]







[image: Processes 07 00249 g005 550]





Figure 5. Thermogravimetric analysis (TGA) curves for (a) raw date palm fibre (DPF) before activation (b) bio-powder activated carbon (bio-PAC) after activation. 
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Figure 6. (a) FESEM image and (b) EDX profile of bio-powder activated carbon (bio-PAC). 
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Figure 7. Nitrogen adsorption isotherm for optimum bio-PAC after activation. 
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Figure 8. Effect of pH on Zeta potential of the bio-PAC. 
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Figure 9. Surface response plots effects of adsorption parameters on removal and uptake capacity (a) interaction bio-PAC dose with contact time; (b) interaction between bio-PAC and pH; (c) interaction pH with contact time. 
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Figure 10. Plot of pseudo-second-order kinetic model for Al3+ adsorption. 
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Figure 11. Plots of (a) Frendlich isotherm and (b) Langmuir isotherm models for Al3+ adsorption. 
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Table 1. Parameters Level of Design.
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	Factor
	Name
	Units
	Low Actual
	High Actual
	Low Coded
	High Coded
	Mean
	Std. Dev.





	A
	Activation Temperature
	°C
	650.00
	850.00
	−1.00
	1.00
	753.12
	83.79



	B
	Activation Time
	h
	1.00
	3.00
	−1.00
	1.00
	2.00
	0.79



	C
	Impregnation Ratio
	
	1.00
	3.00
	−1.00
	1.00
	1.81
	0.72
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Table 2. Experimental design for preparation bio-powder-activated carbon (bio-PAC) and results.
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Run

	
Parameters

	
Responses




	
Temperature (°C)

	
Time (h)

	
KOH Ratio

	
Removal (%)

	
Capacity (mg·g−1)






	
1

	
850.00

	
3.00

	
1.00

	
97.18

	
9.71




	
2

	
650.00

	
3.00

	
3.00

	
97

	
9.7




	
3

	
750.00

	
1.00

	
2.00

	
98.85

	
9.88




	
4

	
750.00

	
2.00

	
3.00

	
98.65

	
9.86




	
5

	
750.00

	
2.00

	
2.00

	
97.98

	
9.79




	
6

	
750.00

	
2.00

	
1.00

	
98.2

	
9.82




	
7

	
850.00

	
3.00

	
2.00

	
97.6

	
9.76




	
8

	
750.00

	
3.00

	
1.00

	
98.3

	
9.83




	
9

	
850.00

	
1.00

	
3.00

	
98.34

	
9.83




	
10

	
650.00

	
1.00

	
1.00

	
98.98

	
9.89




	
11

	
850.00

	
1.00

	
1.00

	
97.5

	
9.75




	
12

	
750.00

	
3.00

	
2.00

	
97.65

	
9.76




	
13

	
650.00

	
2.00

	
2.00

	
98

	
9.8




	
14

	
650.00

	
2.00

	
1.00

	
99.82

	
9.98




	
15

	
650.00

	
1.00

	
2.00

	
98.88

	
9.88




	
16

	
900.00

	
2.00

	
2.00

	
98.5

	
9.85
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Table 3. List of Design of Expert (DoE) runs and actual parameters.
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Factors

	
Response




	
Dose

	
pH

	
Contact Time (min)

	
Removal (%)

	
Uptake Capacity (mg·g−1)






	
1

	
5.00

	
11.00

	
10.00

	
76.48

	
76.48




	
2

	
20.00

	
3.00

	
120.00

	
58.32

	
14.58




	
3

	
12.50

	
7.00

	
65.00

	
98.64

	
39.45




	
4

	
12.50

	
7.00

	
65.00

	
98.64

	
39.45




	
5

	
12.50

	
7.00

	
10.00

	
97.74

	
39.09




	
6

	
5.00

	
7.00

	
65.00

	
98.48

	
98.48




	
7

	
20.00

	
11.00

	
120.00

	
89.84

	
22.46




	
8

	
12.50

	
7.00

	
120.00

	
99.16

	
39.66




	
9

	
12.50

	
3.00

	
65.00

	
59.52

	
23.80




	
10

	
20.00

	
3.00

	
10.00

	
56.92

	
14.23




	
11

	
12.50

	
7.00

	
65.00

	
98.64

	
39.45




	
12

	
20.00

	
7.00

	
65.00

	
99.98

	
24.99




	
13

	
12.50

	
11.00

	
65.00

	
89.58

	
35.83




	
14

	
5.00

	
3.00

	
10.00

	
53.9

	
53.9




	
15

	
5.00

	
3.00

	
120.00

	
54.08

	
54.08




	
16

	
20.00

	
11.00

	
10.00

	
60.74

	
15.18




	
17

	
5.00

	
11.00

	
120.00

	
95.98

	
95.98
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Table 4. ANOVA for removal % surface modified model.
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	6.04
	6
	1.01
	4.28
	0.0258



	A-Activation Temperature
	0.28
	1
	0.28
	1.18
	0.3054



	B-Activation Time
	0.61
	1
	0.61
	2.61
	0.1408



	C-Impregnation Ratio
	0.13
	1
	0.13
	0.53
	0.4833



	AB
	0.03
	1
	0.03
	0.13
	0.7224



	AC
	1.75
	1
	1.75
	7.42
	0.0235



	BC
	0.06
	1
	0.06
	0.26
	0.6250
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Table 5. Uptake capacity (mg·g−1) surface modified model.
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	0.060
	6
	0.010
	4.28
	0.0258



	A-Activation Temperature
	2.780 × 10−3
	1
	2.780 × 10−3
	1.18
	0.3054



	B-Activation Time
	6.139 × 10−3
	1
	6.139 × 10−3
	2.61
	0.1408



	C-Impregnation Ratio
	1.258 × 10−3
	1
	1.258 × 10−3
	0.53
	0.4833



	AB
	3.163 × 10−4
	1
	3.163 × 10−4
	0.13
	0.7224



	AC
	0.017
	1
	0.017
	7.42
	0.0235



	BC
	6.026 × 10−4
	1
	6.026 × 10−4
	0.26
	0.6250
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Table 6. Constraints for optimization process based on central composite design (CCD) for bio-powder activated carbon (bio-PAC) performance.






Table 6. Constraints for optimization process based on central composite design (CCD) for bio-powder activated carbon (bio-PAC) performance.





	Name
	Goal
	Lower Limit
	Upper Limit
	Importance





	Activation Temperature (°C)
	in range
	650
	850
	3



	Activation Time (h)
	in range
	1
	3
	3



	IR
	in range
	1
	3
	3



	Removal (%)
	maximize
	97
	99.82
	5



	Uptake capacity (mg·g−1)
	maximize
	9.7
	9.982
	5
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Table 7. ANOVA of optimization Al3+ removal (%) on bio-powder activated carbon (bio-PAC).
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	Source
	Sum of

Squares
	df
	Mean

Square
	F Value
	p-Value

Prob > F





	Model
	5931.26
	9
	659.03
	48.89
	<0.0001



	A-Dose
	17.21
	1
	17.21
	1.28
	0.2957



	B-pH
	1686.88
	1
	1686.88
	125.13
	<0.0001



	C-Contact Time
	266.26
	1
	266.26
	19.75
	0.0030



	AB
	106.14
	1
	106.14
	7.87
	0.0263



	AC
	14.63
	1
	14.63
	1.09
	0.3321



	BC
	276.36
	1
	276.36
	20.50
	0.0027



	A2
	11.14
	1
	11.14
	0.83
	0.3935



	B2
	1912.79
	1
	1912.79
	141.89
	<0.0001



	C2
	21.30
	1
	21.30
	1.58
	0.2491
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Table 8. ANOVA of optimization Al3+ uptake capacity (mg·g−1) on bio-powder activated carbon (bio-PAC).






Table 8. ANOVA of optimization Al3+ uptake capacity (mg·g−1) on bio-powder activated carbon (bio-PAC).





	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value Prob > F





	Model
	60.11
	13
	4.62
	92.30
	0.0016



	A-Dose
	0.011
	1
	0.01
	0.22
	0.6679



	B-pH
	4.52
	1
	4.52
	90.20
	0.0025



	C-Contact Time
	0.01
	1
	0.01
	0.20
	0.6841



	AB
	1.06
	1
	1.06
	21.19
	0.0193



	AC
	0.15
	1
	0.15
	2.92
	0.1859



	BC
	2.76
	1
	2.76
	55.17
	0.0050



	A2
	0.11
	1
	0.11
	2.22
	0.2326



	B2
	19.13
	1
	19.13
	381.86
	0.0003



	C2
	0.21
	1
	0.21
	4.25
	0.1312



	ABC
	0.08
	1
	0.08
	1.75
	0.2774



	A2B
	0.10
	1
	0.10
	2.08
	0.2448



	A2C
	0.50
	1
	0.50
	9.88
	0.0515



	AB2
	0.11
	1
	0.11
	2.12
	0.2412
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Table 9. Adsorption kinetics and correlation coefficient.






Table 9. Adsorption kinetics and correlation coefficient.













	
	
	
	Pseudo-First-Order

ln(qc − qt) vs time (t)
	Pseudo-Second-Order

(t/qcvs t)
	Intraparticle

(qc vs t0.5)





	Dose

mg
	pH
	C0

mg·L−1
	R2
	R2
	R2



	3
	9.86
	3
	0.749
	0.9996
	0.8898



	5
	9.86
	5
	0.4929
	0.9989
	0.5908
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