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Abstract: Activated carbon preparation from sugarcane leaves and rice straw by carbonization (250°C–400°C) and activation at 500°C were studied. The effects of pre-oxidation, hydrolysis of derived charcoals by boiled KMnO4 aqueous solution were evaluated. The derived charcoals products were pretreated using oxidation-hydrolysis with 1–5 wt.% KMnO4 at 100°C and then activated at 500°C. The derived charcoal and activated carbon products were characterized by FTIR, XRD, SEM-EDS and BET. Iodine number and methylene blue number of derived products were also used for the analysis of the products. It was found that fabricated charcoal materials made at 350°C–400°C possess good characteristics with low content of surface functional groups and high carbon content. After pre-oxidation-hydrolysis and activation at 500°C, the resulting derived activated carbon materials from charcoals with 400°C carbonization temperature have high content of oxygen containing surface functional groups such as Mn-O, Si-O, Si-O-Si, C-O, or O-H. In addition, MnO2 accumulated on the surface of the derived activated carbon products. The surface area and pore volume of the activated carbon products have also increased with increasing of KMnO4 concentration from 1 to 3 wt.% and then decreased with 5 wt.% used during activation. Therefore, activated carbon products made by pre-oxidation-hydrolysis with 3 wt.% KMnO4 were used for Fe(III) adsorption experiments. It was found that Fe(III) adsorption on the activated carbon materials can be fitted with both the Freundlich and the Langmuir models. The calculated maximum Fe(III) adsorption capacities of sugarcane leaves derived activated carbon and rice straw derived activated carbon products were 50.00 and 39.37 mg/g, respectively. It was shown that the effect of pre-oxidation-hydrolysis by KMnO4 and activation at 500°C are beneficial for activated carbon preparation with environmentally friendly and low-cost simplified operation.
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	percent weight



	Ø
	diameter



	nm
	nanometer



	ν
	stretching vibration



	δ
	bending vibration



	FI
	Freundlich Isotherms



	LI
	Langmuir Isotherms





1  Introduction

The production process of activated carbon normally involves carbonization followed by activation at high temperatures, which requires a high amount of heat energy. This results in high costs for the production of activated carbon. In addition, acid-base oxidants are also used for the activation, which are environmentally polluting and exhibit high costs. Therefore, reducing the carbonization and activation temperatures as well as using low-pollution and affordable oxidants will help to reduce environmental pollution and production costs for the activated carbon products. In this research, researchers have determined and chosen the lowest suitable carbonization temperatures, activation temperatures, simple management, and environmentally friendly non-toxic pre-treatment methods for good quality activated carbon products made from agricultural residues. The pre-treatment methods, such as chemical, physico-chemical, and biological techniques are popular and are used to achieve industrial production requirements in a sustainable way, simple, eco-friendly, cost-effective, and economically feasible [1]. For chemical pretreatment, potassium permanganate has been widely used for raw material pre-treatment such as in the case of spent coffee waste for bioethanol production [2], dairy manure degradation for semi-dry anaerobic digestion [3], sand filter effluent pretreatment [4], and polyvinyl chloride microplastics for adsorption-desorption of malachite green [5]. It is also used as an oxidant for microfluidic direct formate fuel cells [6], hydrochar modification for metal ion adsorption [7], and removal of color-inducing constituents in sugar cane juice/raw sugar [8]. Potassium permanganate is a strong oxidizing agent that can break down large molecules into lower molecular weight fragments in solution [9]. It has many advantages, such as high oxidation ability, high redox potential, and undergoing redox reactions without the need for a catalyst [6]. It converts oxidized metal ions into metal oxide particles, which adsorb on the adsorber surface as MnO2. MnO2 is very small and irregular in its hydrated form, which usually exists as a colloid or a suspended solid in aqueous medium. The suspended hydrated MnO2 has a large surface area with strong adsorptive capacity, which is retained on the absorber surface [4]. Therefore, it has been widely used for wastewater treatment, which is economical and effective [5], such as acidogenic fermentation of waste-activated sludge [9]. Plant biomass or lignocellulosic biomass is a highly abundant renewable resource that can be converted into several types of high-value-added products, including chemicals, biofuels, and advanced materials. It has high availability and low price, and it consists of cellulose, hemicelluloses, lignin, and other minor components. Therefore, it exhibits strong resistance to natural decomposition [10]. Important sources of plant biomass are agricultural residues, which are produced in very large quantities (billions of tons) each year around the world, but most of these residues are either discarded or burned [1]. This is especially the case for cereal residues such as rice straw, wheat straw, corn stover, and sugarcane bagasse, which contain a large fraction of lignocellulose substances [1] and are therefore, difficult to degrade. This work focuses on rice straw and sugarcane leaves. Rice straw is a by-product of rice cultivation, and 650–975 million tons of it are produced per year around the world. Thus, it is an abundant, renewable, and cheap bioresource [11]. It is composed of cellulose, hemicellulose, lignin, and silica in the following weight ranges 37.60%–46.55%, 22.35%–28.25%, 5.60%–11.60%, and 9.05%–13.70%, respectively [11]. Generally, it can be used as fodder for cattle, cover for some crops, and other domestic applications [12]. However, most of the rice straw is either burned or ploughed into the field. Rice straw burning release greenhouse gases and particulate matter (2.5 and 10 μm), which leads to air pollution, soil degradation and health deterioration in animals and humans [11]. Generally, rice straw is mainly used as animal bedding, animal fodder, wrapping of materials during transport, energy and biofuel production, pulp and paper production, and construction materials [13]. It has also been used for bioethanol and organic fertilizer production [11]. Especially biochar production from rice straw has become popular around the world due to greenhouse gas emission reduction, carbon sequestration, absorbing contaminants, soil remediation and composting [14], and charcoal briquettes production [12]. It also has been used for the construction of biodegradable foams, which could be used for reinforcement and fire retardation due to their compressive strength with low density and eco-friendliness [15]. Rice straw can also be extracted to provide polyphenols and cellulose fractions, which can be used as antioxidants in the food sector or as nutritional components in the development of new food or packaging materials [13]. Sugarcane leaves are lignocellulosic agricultural by-products from sugarcane cultivation, which are also often burned in the fields by farmers during the preparation of the area for the next growing season. This causes a lot of smog, dust, and air pollution problems [16]. In terms of utilization, sugarcane leaves were used for the removal of cadmium(II), lead(II), and zinc(II) ions from polluted water [17]; furthermore, this material found use in pulp and paper production by chemical pulping method [18], biogas production with pre-treatment by sodium hydroxide prior to co-digestion with cow manure [16], and activated biochar formation for metal ions removal from wastewater [10]. Therefore, we aim to add value to rice straw and sugarcane leaves by converting them into activated carbon for further use in water treatment. The potassium permanganate pre-treatment is the most effective for enhancing biomass decomposition. This oxidation process can remove some organics adsorbed to the inner pores or surfaces of the adsorber. Meanwhile, this oxidation by potassium permanganate also yields manganese dioxide, which can also adsorb organic substances during water filtration [4].

The aims of this research were to find a method for activated carbon production using an environmentally friendly, low-cost, and simplified operation. The effects of carbonization temperature between 250°C–400°C for derived charcoals preparation and pre-oxidation, hydrolysis by 1–5 wt.% KMnO4 of derived charcoals products with good characteristics were studied. Experiments investigating the changes in percent yield, surface properties, elemental composition, and morphology of charcoal products made from sugarcane leaves and rice straw with low carbonization temperature (250°C–400°C) were conducted to identify charcoal conversion to activated carbon conditions yielding good quality products. In this step, the lowest carbonization temperature for charcoal produced from biomass is determined. After that, the collected charcoals were pre-oxidized and hydrolyzed by 1–5 wt.% KMnO4 at 100°C. Finally, the pre-oxidized and hydrolyzed samples were activated at 500°C to yield activated carbon products. The effects of pre-oxidation, hydrolysis by difference of KMnO4 concentration were evaluated for the most suitable conditions. The charcoals and activated carbons were characterized by FTIR, XRD, SEM-EDS, and BET (Brunauer, Emmett and Teller) to identify qualify charcoal and activated carbon products. The iodine number and methylene blue number of the activated carbon products were also determined. The collected activated carbons were used for Fe(III) adsorption experiments.

2  Materials and Methods

2.1 Preparation of Raw Materials

Sugarcane leaves (SL; Suphanburi strain 50) were obtained from Ban Krang subdistrict, Phitsanulok Province, Thailand. Rice straw (RS) was obtained from Nakhon Sawan Province, Thailand. The samples were cut into pieces approximately 2–3 cm long and then washed with distilled water. After that, the cleaned raw materials were dried at 105°C for 24 h in an oven (SL 1375 SHEL LAB 1350 FX) and stored in a desiccator for further characterization and experiments.

2.2 Proximate Analysis of Raw Materials

Dried SL and dried RS were analyzed to determine the content of volatile matter [19], ash [20] and fixed carbon [21] by proximate analysis technique. A sample of 5.00 g (OHAUS; Scout Pro, USA) of the dried precursors (in triplicate of each sample), which was dried at 105°C for 6 h in an oven, was placed in a crucibles with a lid and burned at a constant temperature of 500°C for 7 min in a muffle furnace (Fisher Scientific Isotemp®Muffle Furnace Pittsburgh, PA, USA) and subsequently was allowed to cool down to room temperature. The residue was then weighed to determine the percent of dried weight (dried wt.%) and to calculate the content of volatile matter. After that, all samples that have been burned at 500°C, were burned continuously with intermittent lid opening at a constant temperature of 900°C for 1 h and allowed to cool down to room temperature. The residues were weighed for the calculation of the percent content of ash. The fixed carbon content was calculated from the 100% dried weight of initial raw samples minus of percent dried weight (dried wt.%) of volatile matter and ash.

2.3 Preparation of Charcoal

Dried precursor samples (20.00 g, in triplicate of each sample) were placed in a crucible with a lid and carbonized at a constant final temperature of 250°C, 300°C, 350°C, and 400°C in a muffle furnace by holding the sample at the desired final carbonization temperature for 1 h. After that, the carbonized products (charcoals) were cooled down to room temperature, weighed for percent yield calculation, and stored in a dried desiccator for further characterization and experiments.

2.4 Preparation of Activated Carbon

A sample of each charcoal product (10.00 g, in triplicate of each charcoal), which was collected from carbonization at 400°C, was placed in a beaker and mixed with 0.1000 g (1 wt.%), 0.3000 g (3 wt.%), or 0.5000 g (5 wt.%) of potassium permanganate (Lab grade, Merck, Germany). The mixed samples were dissolved in 50 mL distilled water and boiled at 100°C for 1.50 h with stirring on a magnetic stirrer hotplate (Heidolph; MR Hei-Standard, Germany). This step is called potassium permanganate pre-oxidation-hydrolysis of charcoals. All the experiments were performed at atmospheric pressure. The boiled samples were filtered with a Whatman No. 42-filter paper and then dried at 80°C for 2 h. The dried mixed samples were placed in a crucible with a lid and activated at 500°C in a muffle furnace with holding at the final temperature for 1 h and then cooled down to room temperature. The final products, which are activated carbons, were weighed for percent yield calculation and stored in a desiccator for further characterization and adsorption experiments.

2.5 Characterization of Charcoals and Activated Carbons

The charcoals and activated carbons were grounded and characterized by FTIR (Spectrum GX, Perkin Elmer, USA) to classify the organic, inorganic, and chemical bonds or functional groups. XRD (PW 3040/60, X’ Pert Pro Console, Philips, The Netherlands) was used to analyze and identify the type of compounds and crystal structure. SEM-EDS (Leo1455VP Electron Microscopy, Cambridge, England) was used to study the surface characteristics, size, shape, and elemental composition. BET (Micromeritics TriStar II3020, Bavaria, Germany) was used to analyze surface area, pore volume, and average pore size of charcoals and activated carbons. The iodine number (0.1 N I2; CARLO ERBA Reagent) [22], and methylene blue number values (100 mg/L, AR UNILAB) [23] of all products were also determined. Finally, the collected activated carbon products with the best characteristics were used for Fe(III) (100 mg/L; FeCl3, AR UNILAB) adsorption experiments to determine equilibrium time and adsorption isotherm type.

The surface chemical properties and structural and compositional changes in the charcoals products by the impact of carbonization temperature were characterized by FTIR, SEM-EDS, XRD, BET, iodine number and methylene blue number. Characteristics of charcoal are low surface functional groups, high carbon content, and amorphous allotropic form with high porous. In another part, the effect of boiled KMnO4 aqueous solution at difference concentrations to changing of chemical and physical properties of derived activated carbons were also measured in the same way of charcoals preparation experiments for study to development of surface functional groups, porous structure, allotrope of carbon, elementals composition in derived activated carbon products.

2.5.1 BET Measurement

Textural characteristics of the charcoal and activated carbon products were determined by N2 adsorption at −196°C on a Brunauer Emmett Teller surface area analyzer. The samples were degassed at 250°C for 12 h under vacuum before the measurements. The specific surface areas were estimated using the multipoint Brunauer Emmett Teller (BET) equation.

2.5.2 Measurement of Iodine Number

The iodine number was measured following the method of AWWA B 604-74 [22]. Charcoal and activated carbon materials were ground into a powder and sieved through a 60 mesh (0.246 mm) sieve. The screened powders were washed with distilled water, then dried at 110°C for 24 h, and stored in a desiccator containing silica gel. A certain amount (1.0000 g, Analytical balance; Sartorius ED224s Goettingen, Germany) of dried charcoals or activated carbons was added to 50 mL of a 0.1 N iodine solution. The resulting suspensions were shaken continuously at 200 rpm for 15 min at room temperature and then centrifuged with 4000 rpm for 10 min. After centrifugation, 10 mL of the supernatant was pipetted and titrated with 0.1 M sodium thiosulfate (Merck, Darmstadt, Germany) to determine the equilibrium concentration of iodine (g/L) and the amount of iodine adsorbed onto charcoals and activated carbons (mg/g). The amount of iodine adsorbed onto charcoals and activated carbons was calculated from the difference between the initial and final concentrations.

2.5.3 Measurement of Methylene Blue Number

Accurately weighed (0.0500 g) samples of sieved charcoal and activated carbon powders (≤0.246 mm) were used for methylene blue number measurement using methylene blue solution (25 mL, 100 mg/L). Suspensions were shaken at 200 rpm for 30 min in a 250 mL Erlenmeyer flask. After that, the suspensions were centrifuged at 4000 rpm for 10 min. The supernatant solutions (1 mL) were pipetted and then diluted with 100 mL, pH 7 buffer solution [KH2PO4 (CARLO ERBA Reagent) and Na2HPO4 (Ajax Finechem)]. Finally, the remaining methylene blue concentration in the diluted solutions was determined using a measurement of absorbance by UV/Visible spectrometer (UNICO 1100) at 665 nm. Methylene blue numbers were calculated from the amount of adsorbed methylene blue (disappeared after agitation) by charcoal and activated carbon powders in mg/g.

2.6 Fe(III) Adsorption Experiments

2.6.1 Adsorption Equilibrium Time Determination

Accurately weighed (0.1000 g) samples of activated carbons were placed into a 100 mL beaker. Then, solutions of 50 mL, 100 mg/L FeCl3 (AR UNILAB) were poured into the beaker to be mixed with the activated carbon adsorbents. The pH of the resulting mixture was then adjusted to 7 by using either 1.0 M HCl (reagent grade, Merck) or 1.0 NaOH (reagent grade, Merck). After that, the solutions were left at 33°C for 20–180 min, depending on the desired adsorption time. At the end of the adsorption time, the mixtures were filtered through a Whatman No. 42 filter paper. The eluted solutions were collected for Fe(III) concentration determination by AAS (Varian Spectar 220 FS, Melbourne, Australia). Percent Fe(III) removals from eluted solutions at each of time point were calculated. The amount of Fe(III) removed by activated carbon materials were calculated from the difference in the initial and final concentrations. Finally, the percent Fe(III) removal vs. soaking time were plotted for adsorption equilibrium time determination.

2.6.2 Isotherm Adsorption Experiment

Accurately weighed (0.1000 g) samples of collected activated carbons were placed into a 100 mL beaker. After that, 50, 75, 100, 12, or 150 mg/L FeCl3 solution were added and mixed with the activated carbon materials. The pH of the mixtures was adjusted to 7. The mixtures were soaked for 60 min at 33°C. After 60 min of equilibration time, the mixtures were filtered through a Whatman No. 42 filter paper and the filtrates were collected for Fe(III) concentration determination by AAS. Fe(III) concentration (Ce) of the eluted solutions and Fe(III) adsorptions (Qe) were calculated in mg/L and mg Fe/g activated carbon, respectively. The values of Ce/Qe, Log Qe, and Log Ce were also calculated. The Ce/Qe vs. Ce and Log Ce vs. Log Qe graphs were plotted for the Langmuir and the Freundlich adsorption isotherm models, respectively. The Langmuir and the Freundlich adsorption isotherm models in linear form are as follows.

The linear form of the Langmuir equation is [24]:


Ce/Qe=(1/QmaxKL)+(Ce/Qmax)
(1)

where Qe (mg/g) is the Fe(III) adsorbed amount per unit mass of activated carbon. Ce (mg/L) is the Fe(III) equilibrium concentration. Qmax (mg/g) is the maximum Fe(III) amount that forms a complete monolayer on the surface of activated carbon. KL (L/mg) is the Langmuir constant which is associated with adsorption heat. The constants Qmax and KL were determined from the slope, and intercept of plotting Ce/Qe vs. Ce, respectively.

The Langmuir model could be estimated by a dimensionless separation factor whether the sorption is favorable or not. The separation factor, RL is defined as [25]:


RL =1/(1+KLC0)
(2)

where C0 (mg/L) is the initial concentration of Fe(III), KL (L/mg) is the Langmuir constant. Values of 0 < RL < 1 indicate that the sorption is favorable.

The linear form of the Freundlich model is [24]:


LogQe=LogKF+(1/n)LogCe
(3)

where Qe and Ce have the same definitions as in the Langmuir equation. KF and n are Freundlich constants related to adsorption capacity and intensity or heterogeneity factor, respectively. The constants KF and n were determined from the slope and intercept of plotting Log Ce vs. Log Qe, respectively.

3  Results and Discussion

3.1 Proximate Composition of Precursor Materials

The results of the proximate analysis of sugarcane leaves (SL) and rice straw (RS) are summarized in Table 1. The results indicate that the amount of volatile matter in SL is higher than in RS. While the amounts of fixed carbon and ash were inversely proportional. However, the fixed carbon and volatile matter values of both precursors are suitable for activated carbon production. Additionally, the high percentage of volatile matter in the precursors leads to fine particles of carbonaceous products. While the high ash content, which indicates the presence of minerals as impurities in the carbon [26], would reduce the surface area of the activated carbon products.
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3.2 Percent Yield of Charcoals and Activated Carbons

3.2.1 The Influence of Carbonization Temperature

In general, biomass dehydrates, dries, and releases the gas (such as N2 and CO2) in the pores were occurred at below 300°C carbonization temperature. After that, the long carbon chain breaks and splits to form small organic molecules (such as bio-oil, organic acids, aromatic hydrocarbons, tar, methanol, acetone, acetic acid) and solid char were appeared as the temperature reaches about 400°C–500°C [14]. In this study, the 250°C to 400°C carbonization temperature were conducted for finding the lowest temperature for charcoal produced from biomass.

As shown in Table 2, the percent yields of sugarcane leaves-derived charcoal (SLC) and rice straw-derived charcoal (RSC) products decrease with increasing carbonization temperature from 250°C to 400°C. These results show that volatile matter degradation takes place above 250°C. On the other hand, most of the fixed carbon and ash did not decompose during carbonization in the temperature range between 250°C and 400°C. Furthermore, the percent yields of SLC are lower than those of RSC at all carbonization temperatures. This is caused by the higher content of volatile matter in SL, which results in more extensive degradation than for RS. The percent yields of both charcoals are relatively constant for carbonization temperatures between 350°C and 400°C, which is in line with the report of Cellatoğlu and İlkan [27]. This is due to almost complete degradation of volatile matters at carbonization temperatures over 350°C.
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3.2.2 The Influence of Pre-Oxidation-Hydrolysis in KMnO4 Aqueous Solution

From the report of Qanytah et al. [28], the bamboo-derived activated carbon from bamboo-derived charcoal was produced by KMnO4 at 2.5% and 5% concentration and carbonization at 800°C. The standard activated carbon was archived at 2.5% concentration of KMnO4. Therefore, the KMnO4 with 1 to 5 wt.% were conducted in this study for comparison with the activated carbon production at activation temperatures below 800°C.

As considering Table 2, the percent yields of SLAC and RSAC made by pre-oxidation-hydrolysis of SLC and RSC by boiling in 1–5 wt.% KMnO4 aqueous solution and activation at a temperature of 500°C decrease sharply with increasing percent weight of KMnO4 used. This shows that increasing the wt.% of KMnO4 used for pre-oxidation-hydrolysis could enhance the partial oxidation of carbon on the surface of the charcoal materials. At the same time, hydrolysis in boiling water could increase the dissolution of remaining volatile matter and ash present in the charcoals. Furthermore, it was observed that the percent yields of SLACs are lower than those of RSACs. In this case, this is due to the silica compounds in ash content, which cover the surface of the charcoal materials, of which there is more on RS than on SL before the pre-treatment. The small amount of remaining organic matter (especially lignin) in charcoals was destroyed through saponification and hydrolysis of saponifiable bonds in lignin [29] by boiling in KMnO4 aqueous solution.

3.3 FTIR of Derived Charcoals for Collection

The FTIR transmittance spectra of SLC and RSC, which were carbonized at 250°C–400°C are shown in Fig. 1. Transmittance intensity of all bands or peaks decreases with increasing carbonization temperatures from 250°C to 400°C, except for peaks at about 1600, 1100, 780, and 455 cm−1. The peaks are attributable to cellulose can be found in the broadband range between 3200–3500 cm−1 (ν OH stretching of alcohol skeletal vibrations), double peaks at 2919/2917 cm−1 and 2868/2851 cm−1 (C–H stretching), ~1430 cm−1 (C–H and O–H deformation), 1200 cm−1 (O-H bending), 1384/1367 cm−1 (C=C stretching of the aromatic ring), and 1023/1056 cm−1 (C–O–C and C–O stretching vibration in crystalline regions). On the other hand, peaks corresponding to hemicellulose are at ~1700 cm−1 (C=O stretching of ketone/aldehyde), 1384/1367 cm−1 (C=C stretching). and 1200 cm−1 (O-H bending). The peaks attributable to lignin are at ~1700 cm−1 (C=O stretching of ketone/aldehyde), ~1600 cm−1 (C=C stretching of the aromatic ring), 1516 cm−1 (C–H deformation), ~1430 cm−1 (C–H and O–H deformation), ~1370 cm−1 (C=C stretching of the aromatic ring), ~1200 cm−1 (C−O ester stretching vibrations in methoxyl and β–O–4 linkages), and 1023/1056 cm−1 (C–O stretching) [2,30] The peaks of these components exhibit very weak intensities. These results show that these components have a very low content in all charcoals made with carbonization temperatures in the range 250°C–400°C. Especially, carbonization at temperatures of 350°C–400°C could result in the destruction of almost all surface functional groups on charcoals. Hydrogen bonds of cellulose and hemicellulose, which result in IR bands located at 3300–3500 cm−1 and 1200 cm−1, were also broken. These observations have indicated that condensed aromatic structures have developed in the charcoals. This is evident from the shift of the peak of C=C stretching of the aromatic rings of lignin to a position characteristic for C=C stretching of graphitic rings. In addition, the intensity of the C=C stretching of the aromatic rings (C=C bond in graphitic) at ~1600 cm−1 in charcoals increases with increasing carbonization temperatures. These results show that aromatization reactions were taking place during the carbonization. Furthermore, the aromatization reactions have proceeded to a greater extent at higher carbonization temperatures. In addition, C–Ο stretching bands at 1023/1056 cm−1 present in both charcoals are blue-shifted to higher frequency (1104/1083 cm−1) and exhibit higher intensities with increasing carbonization temperatures. It was also shown that the C−O ester groups in lignin as well as C–O–C and C–O groups in crystalline regions of cellulose have been decomposed. On the other hand, the C–O group corresponding to acids, alcohols, phenols, ethers, and esters [31] on the surfaces of the charcoals, which have formed through partial oxidation by oxygen from air during the carbonization stage, have appeared. Observation of the fact that the peaks for the C–O bands have blue-shifted indicates that the original surface functional groups of organic constituents have decomposed because of carbonization. This result could reduce steric hindrance on the charcoal surface. Thus, the C–O bond could be closer to and more firmly attached to the surface of the carbon. This surface functional group withdraws electron density from the graphitic ring, resulting in more electron density being present in the C–O bond giving it higher strength. The comparison of SLC and RSC shows that the intensities of bands and peaks of surface functional groups of SLC are relatively higher than those of RSC. This is caused by the fact that SLC contains more volatile matter than RSC. Finally, three peaks at 784/779, 563, and 454/458 cm−1 were assigned to bending vibrations of Si–O–C groups, stretching vibrations of the Si–O, and stretching vibrations of the Si–O–Si bonds [2], respectively. This indicates that SL and RS have a high content of silica, which is consistent with the report of Zheng et al. [32] and Malik et al. [11]. The intensities of the peaks related to silica-based compounds increased with increasing carbonization temperatures from 250°C to 400°C. This is because while the volatile matter degrades ash remains as the carbonization temperatures increase. It can be seen that peak intensities of silica compounds in RSL are relatively higher than in SLC. Based on the results from FTIR transmittance spectra of both charcoal products, the charcoals made at carbonization temperature of 400°C were collected for the subsequent activation step. This is because these charcoal products were almost devoid of surface functional groups of organic matter.
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Figure 1: FTIR transmittance spectra of (A) SLC made by carbonization at (a) 250°C (b) 300°C (c) 350°C and (d) 400°C. (B) RSC made by carbonization at (a) 250°C (b) 300°C (c) 350°C and (d) 400°C

3.4 Iodine Number and Methylene Blue Number

The iodine number and methylene blue number are considered a measure of adsorption capability of charcoal and activated carbon materials and represent the amount of micropores (Ø < 2 nm) [22] and mesopores (Ø 2–50 nm) [23], respectively. The results of these experiments carried out with materials synthesized in this work are summarized in Table 2. It was found that the iodine number and methylene blue number of all charcoals increased with increasing carbonization temperatures from 250°C to 400°C. The increase in these values in response to increasing the carbonization temperatures from 250°C to 400°C can be attributed to the increasing release of volatile matter from the raw materials by the heat treatment resulting in the formation and expansion of pores within the charcoal products. Furthermore, the iodine numbers of the SLCs are higher than those of RSCs at each carbonization temperature, while the order of methylene blue numbers is inversed. This is attributed to the higher volatile matter content of SL in comparison to RS, which leads to more fine particles being present in SLCs. This phenomenon creates more micropores than mesopores. After pre-oxidation and hydrolysis by boiling in KMnO4 solution followed by activation at 500°C, both values of all derived activated carbon products increase with increasing wt.% of KMnO4 reaching maximum values at 3 wt.% KMnO4. This is followed by decreases in the values of these parameters with further increases of KMnO4 concentration up to 5% wt. Values for both parameters for all derived activated carbons are higher than for the corresponding charcoals. It was shown that pre-oxidation and hydrolysis by boiling in KMnO4 solution has a significant effect on partial oxidation of derived charcoals, which can create micropores and expand micropores to mesopores. However, both values of RSACs are lower than those of SLACs. This is attributed to the presence of more fine particles in SLCs, which allow more extensive KMnO4 diffusion due to larger surface area. Another effect is the silica content of RSAC, which is higher than in SLAC. This silica compound could cover the surface area of the derived activated carbons. Thus, the surface area of the derived activated carbons was blocked by silica, hindering the access of iodine and methylene blue to the surface of the materials. These iodine numbers were higher than that reported by another researcher. Qanytah et al. [28] reported that iodine numbers of ball-milled bamboo with 2.5–5.0 wt.% KMnO4 at 800°C activation were 600–710 mg/g, while methylene blue numbers were similar values.

3.5 Physical Properties of Charcoals and Activated Carbons

The results of the BET measurements are also shown in Table 2. BET surface area, pore volume, and average pore size of all products are consistent with the results of iodine number and methylene blue number determination. It can be seen that the porosity of all derived charcoals is mostly in the micropore regime (~2 nm). On the other hand, the average pore sizes of all derived activated carbon products are higher than 2 nm. This shows that mesopores (2–50 nm) have formed in the activated carbons during the activation by partial oxidation with KMnO4. The KMnO4 partial oxidation could create more micropores and expand micropores to mesopores. In addition, these phenomena also affected the surface areas and pore volumes. As compared with the report of Qanytah et al. [28], it was found that the surface areas also had similar values. Furthermore, these values for both types of activated carbons are decreased for pre-oxidation and hydrolysis with 5 wt.% KMnO4 relative to the pretreatment conducted with 3 wt.% KMnO4. This may be attributed to the excess of MnO2, K2O (from KMnO4 oxidation), and silica present in the products. MnO2, K2O, and silica have increased in proportion due to more extensive partial oxidation of carbon during the activation. Additionally, extensive oxidation by KMnO4 on the exterior portion of the carbon particles can also cause a reduction in porosity. Thus, activated carbons made using pre-oxidation and hydrolysis with 3 wt.% KMnO4 were collected for further Fe(III) adsorption experiments.

3.6 Surface Functional Groups of SLACs and RSACs

After the activation of charcoals, which were produced at 400°C, with KMnO4 pre-oxidation and hydrolysis followed by activation at 500°C, the remaining surface functional groups originally present on the charcoals have disapprealed (Fig. 2). This is due to the effects of KMnO4 pre-oxidation and hydrolysis followed by thermal decomposition. This is confirmed by the fact that peaks at 2919/2917 and 2868/2851 cm−1 (C–H stretching), ~1700 cm−1 (C=O stretching of ketone/aldehyde, due to acidic functionalities), 1430 cm−1 (C–H and O–H deformation of lignin), ~1380 cm−1 (C=C stretching of the aromatic ring of lignin), and ~1200 cm−1 (C−O ester stretching vibrations in methoxyl and β–O–4 linkages of lignin) present in charcoals made by carbonization at 400°C have completely disappeared after the activation step. The hydrolysis and thermal decomposition result in easy dissolution of the remaining organic substances. Small sharp peaks in activated carbons at 1039/1064 cm−1, which have shifted to lower frequencies relative to peaks in derived charcoals, were assigned to C–O stretching in acids, alcohols, phenols, ethers, and esters. In addition, Si–O (~560 cm−1), Si–O–Si (~800 and ~460 cm−1), and Si–O–C (~460 cm−1) based vibrations, which are present in the charcoals, were still present in the activated carbon products. On the other hand, peaks for functional groups such as O–H (broad band at 3200–3500 cm−1) and Mn–O (749, 614 cm−1) [33] have appeared after activation and increase in intensities with increasing wt.% of KMnO4 used. Furthermore, a new peak at 875 cm−1 has also appeared after activation, which was assigned to the Si–OH vibrations [34]. The Si–OH functional group is formed during activation, along with the reforming of the O–H group (which renders hydrophilic) as evidenced by a band at 3200–3500 cm−1. The Mn–O functional group, which demonstrates the existence of Mn–O bonds in the MnO2 structure [35], was formed by the reduction of KMnO4 during pre-oxidation, hydrolysis, and activation. The intensities of the peaks in the FTIR spectra corresponding to the Mn–O functional groups in the activated carbons increased with increasing wt.% of KMnO4. All oxygen-containing functional groups (oxygenated electron-withdrawing groups) have lowered the C=C (conjugated sp2 related to the hexagonal aromatic rings of graphene sheet) bond strength in the activated carbon products. This was confirmed by the position of the C=C peaks (~1600 cm−1) in the activated carbons, which were shifted to lower frequencies relative to the corresponding peaks in the charcoal intermediates. This is a red shift of the band corresponding to the in-plane vibration of C=C bonds (from 1595 to 1562 cm−1 of SLAC and 1603 to 1571 cm−1 of RSAC) [36]. Moreover, pre-oxidation and hydrolysis by boiling in KMnO4 solution could break down the graphitic structure and decrease the content of graphitic carbon in the activated carbon products, which would further the weakening of the C=C bonds in graphitic carbon of the activated carbon products. The C=C stretching in graphitic carbon at ~1400 cm−1 in the activated carbon products, which changed from C=C stretching of the aromatic rings of lignin, also increases with the increase of wt.% of KMnO4 used. Both C=C stretching vibrations at ~1600 cm−1 (high intensity) and ~1400 cm−1 (low intensity) are characteristic of the C=C bond in a graphene hexagonal ring, which is consistent with the report of Carpentier et al. [37]. These phenomena occur to a similar extent in both SLAC and RSAC. All of the surface oxygen-containing functional groups on the activated carbon materials exhibit strongly acidic behavior. In addition, the products are very stable, both chemically and thermally, which is important for metal ion adsorption from aqueous solutions [31].
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Figure 2: FTIR transmittance spectra of (A) SLAC prepared by activation at 500°C after pre-oxidation and hydrolysis with KMnO4 of (b) 1 wt.% (c) 3 wt.% (d) 5 wt.% compared to (a) SLC made by carbonization at 400°C. (B) RSAC made with activation at 500°C and peroxidation and hydrolysis with KMnO4 of (b) 1 wt.% (c) 3 wt.% (d) 5 wt.% compared to (a) RSC made by carbonization at 400°C

3.7 XRD of Charcoal and Activated Carbon Products

The powder X-ray diffractograms of charcoals made from SL and RS are presented in Fig. 3A,B, respectively. The intensities of peaks corresponding to cellulose (at approximately 2θ = 15°, 22°, and 34.5°) [7] decrease with increasing carbonization temperature from 250°C to 400°C for both charcoal products. There are no peaks corresponding to hemicellulose and lignin in the XRD traces of the products. This is because they have an amorphous nature [2]. The presence of a broad band in the 2θ range of 21° and 25° (carbon amorphous structure) and a weak peak at 2θ = 43.5° (graphite structure) indicate that the carbon has mainly an amorphous structure [38]. These features become clearer with increasing carbonization temperature. Similar observations have been made for the relatively weak diffraction peaks of silica (2θ = 22°, 24.5°, and 28.5°, [32], CaO (2θ = 38°), and K2O (2θ = 40.5°) [39], which appeared after carbonization. After activation at 500°C of charcoals that were made by carbonization at 400°C and pre-oxidized and hydrolyzed with KMnO4, the XRD peaks for cellulose disappeared in SLAC and RSAC products (Fig. 3C,D). On the other hand, new peaks at 2θ = 29.5° and 36° appeared in all activated carbon products and were attributed to the α-MnO2 crystal structure [7]. The observations made from XRD patterns and FTIR spectra indicate that Si and Mn form surface functional groups and crystalline compounds in both products. However, Si and Mn compounds are mostly in amorphous forms with relatively low XRD peak intensities. This is because these compounds do not completely crystallize at 500°C. Moreover, the XRD peaks of CaO are also of relatively low intensity. This may be attributed to the dissolution of CaO during boiling in KMnO4 solution. In addition, the content of amorphous structures of graphitic carbon increased for all activated carbon products after pre-oxidation-hydrolysis and activation. This indicated that the pre-oxidation-hydrolysis and activation has caused an increase in disorder of the structures of the charcoal intermediates. It was shown that the extended conjugated π-orbital system of graphite is destroyed [36]. These results are consistent with the results observed by FTIR.
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Figure 3: XRD patterns of (A) SLC made by carbonization at (a) 250°C (b) 300°C (c) 350°C, and (d) 400°C. (B) RSC made by carbonization at (a) 250°C (b) 300°C (c) 350°C, and (d) 400°C. (C) SLAC made by activation at 500°C after pre-oxidation and hydrolysis with KMnO4 of (b) 1 wt.% (c) 3 wt.% (d) 5 wt.% compared to (a) rice straw charcoal made by carbonization at 400°C. (D) RSAC made by activation at 500°C after pre-oxidation and hydrolysis with KMnO4 of (b) 1 wt.% (c) 3 wt.% (d) 5 wt.% compared to (a) rice straw charcoal made by carbonization at 400°C

3.8 Surface Morphology

SEM images of the SLC and SLAC products are shown in Fig. 4. SLC exhibits condensed texture with some small, adhered particles on a smooth surface containing original burrows and holes of SL (Fig. 4A,B), which constitute the channels that allow the solution to reach the carbon surface well. This observation confirmed the degradation of the original SL material by thermal carbonization. After activation of SLC, which was carbonized at the temperature of 400°C, with pre-oxidation, hydrolysis, and 500°C activation temperature, the SEM images of SLACs showed a larger amount of small, adhered particles, corrosion, and cleavage on the surface, as well as the presence of holes. By focusing on the point and enlarging the image, it can be seen that the surface of SLAC (Fig. 4D) has many small pores, while SLC is relatively smooth (Fig. 4B). The extent of these features increased with increasing wt.% KMnO4 used (Fig. 4C,D). These phenomena could be attributed to higher partial oxidation of surface carbon by KMnO4 and MnO2 production. It should be noted that the surface particles on SLC (Fig. 4B) are relatively weakly adhered, while surface particles on SLACs are firmly attached. This shows that some ash has disappeared while MnO2 clumped on the surface. However, SEM images of SLAC made using 5 wt.% KMnO4 for the pre-oxidation-hydrolysis treatment showed collapsed and shriveled structures on the surface together with holes (Fig. 4E). It was shown that extensive oxidation of carbon by 5 wt.% KMnO4 took place. Similar results were observed in RSC (Fig. 5A) and RSACs (Fig. 5B–D). However, it seems that RSACs are less affected by KMnO4 pre-oxidation-hydrolysis. This was attributed to the structure hardness of RS, which is higher than that of SL. Another reason for this observation is the difference in the content of volatile matter. SL has high content of volatile matter, which leads to the formation of fine particles and porous charcoal products. All SEM results were consistent with the BET measurements, which revealed an increase in the surface areas of the products in response to wt.% KMnO4 increasing from 1% to 3% followed by surface area decrease after increasing KMnO4 concentration to 5 wt.%. Therefore, the SLAC and RSAC products made with pre-oxidation-hydrolysis using 3 wt.% KMnO4 were collected for Fe(III) adsorption experiments.

[image: images]
[image: images]

Figure 4: SEM images of (A) cross section of SLC made by carbonization at 400°C (B) SLC with carbonization at 400°C (C) SLAC from SLC made with carbonization at 400°C and activation with 1 wt.% KMnO4 and 500°C (D) SLAC from SLC made with carbonization at 400°C and activation with 3 wt.% KMnO4 and 500°C (E) SLAC from SLC made with carbonization at 400°C and activation with 5 wt.% KMnO4 and 500°C
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Figure 5: SEM images of (A) RSC made with carbonization at 400°C (B) RSAC from RSC made with carbonization at 400°C and activation with 1 wt.% KMnO4 and 500°C (C) RSAC from RSC made with carbonization at 400°C and activation with 3 wt.% KMnO4 and 500°C (D) RSAC from RSC made with carbonization at 400°C and activation with 5 wt.% KMnO4 and 500°C

3.9 Elemental Composition Determined by EDS

The O, Si, K, Ca, and Mn contents of SLACs and RSACs increased while C and Ca contents decreased with increasing KMnO4 concentration from 1 to 5 wt.% (Table 3). The O, K, and Mn contents increased in both activated carbon products and are present due to KMnO4-mediated oxidation during activation, which created the oxygen-containing surface functional groups on the activated carbon products. On the other hand, the C content decreased in activated carbon products, which is also due to the oxidation by KMnO4, which created micropores and expanded micropores to mesopores. The decrease in Ca content was attributed to the dissolution during boiling in aqueous KMnO4 solution. The Si content, which originates from the SL and RS precursors, increased proportionally to the reduction of C content. It was seen that the K and Mn content also originated from the SL and RS precursors. Furthermore, the O content has originated in the charcoals during production by carbonization. These results, for all the products, are consistent with the FTIR results, which confirmed the effects of carbonization and KMnO4 pre-oxidation and hydrolysis. A comparison between SLACs and RSACs shows that the C and Si contents of RSACs are relatively higher than the contents for these elements in SLACs. This was attributed to the highly condensed structure and high Si content of RS, which is higher than that of SL. The KMnO4 oxidation cannot access the inside of highly condensed materials.
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3.10 Fe(III) Adsorption

3.10.1 Adsorption Equilibrium Time

Fe(III), which can cause serious health problems at high levels (WHO limit in drinking water is 2 mg/L) such as stomach cramps, skin irritations, vomiting, nausea, and anemia, is a contamination ion found in surface water [40]. Therefore, Fe(III) adsorption by activated carbon products made in this work was studied. Fig. 6 shows the percent removal of Fe(III) by SLAC (Fig. 6B) and RSAC (Fig. 6A) products vs. contact time (min) plotted for the determination of adsorption equilibrium time. The experiment has revealed that the percentage of adsorbed Fe(III) increased with increasing contact time and achieved equilibrium at about 60 min with both activated carbon products. For approximately the first 20 min of contract time, the Fe(III) ions removal proceeds with a very fast rate. This is attributed to a large number of vacant surface sites available on the activated carbons, which are exposed to Fe(III) ions during initial contact time. In this range of contract time, equilibrium between the amount of adsorbed Fe(III) ions on the activated carbons and the amount of Fe(III) ions remaining in the solution is not achieved yet due to the active sites of the activated carbons not being fully occupied by Fe(III) ions. Another reason is that the high Fe(III) concentration in solution during the initial phases of contact time provides a high driving force to overcome all mass transfer resistances between the solid and liquid phases [41]. After that, the number of these surface functional group sites available for Fe(III) binding decreases and the slope flattens as the adsorption rate decreases [42]. At a 60-min contact time, the amount of adsorbed Fe(III) ions on the activated carbons and remaining in the solution were in an equilibrium [41]. The comparison between SLAC and RSAC shows that the percent Fe(III) removal is higher for SLAC than for RSAC at all contact time points. This is the case even though SLAC made using pretreatment with 3 wt.% KMnO4 has a higher surface area than the corresponding RSAC (Table 2). This shows that oxygen-containing surface functional groups on the activated carbon materials have a significant effect on Fe(III) adsorption. This is because the oxygen-containing surface functional groups on activated carbon materials are negatively charged due to deprotonation in aqueous solution at pH 7, while the hydrated Fe(III) ion has a positive charge. Thus, Fe(III) adsorption on activated carbon materials is mainly chemisorption driven by electrostatic attraction between Fe(III) and oxygen-containing surface functional groups. However, hydrated Fe(H2O)63+, which has a diameter of only 0.92 nm [43], can easily diffuse on the surface of the activated carbon materials. This is due to the fact that the size of Fe(H2O)63+ is smaller than the size of a micropore (2 nm diameter). Therefore, Fe(H2O)63+ could diffuse easily through mesopores as well as micropores of the activated carbon materials. MnO2, which was formed from oxidation reactions mediated by KMnO4, could also adsorb Fe(III) with strong attraction and then be retained on the activated carbon surface. The Fe(III) adsorption on both activated carbon materials is quite a fast process. It was shown that both activated carbon products contain a high amount of oxygen-containing surface functional group sites and accumulated MnO2. At 60-min equilibrium, the calculated amount of adsorbed Fe(III) from a 50 mg/L Fe(III) solution was 23.0 and 22.5 mg/g by SLAC and RSAC, respectively. The experiments used to determine the adsorption isotherm were performed with a duration of 60 min.
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Figure 6: Effect of contact time on Fe(III) removal by (A) RSAC and (B) SLAC

3.10.2 Adsorption Isotherm

The results of the determination of adsorption isotherms are shown in Fig. 7. The data shows that both of Freundlich (Fig. 7A,B) and Langmuir (Fig. 7C,D) models provide suitable fits of the experimental data with similar correlation coefficient (R²) values. This indicates that the mechanism of Fe(III) adsorption by both activated carbons is possible in either homogenous or heterogeneous systems. However, the correlation coefficient values for the Freundlich models are marginally higher than those for the Langmuir model. Therefore, the heterogeneous system of the activated carbons is more plausible than the homogenous system. Considering the results in terms of the Freundlich isotherm model, adsorption of the Fe(III) on both activated carbons takes place at heterogeneous sites and involves multilayer adsorption on surfaces with varied affinities [44]. This is confirmed by 1/n values from Freundlich models for both activated carbons (Table 4), which are in the range between 0 and 1. This indicates that Fe(III) adsorptions by the activated carbons are associated with chemisorption by different binding sites and a favorable adsorption process. Furthermore, these values are closer to 0, which is attributed to the high content of heterogeneous sites and energetically heterogeneous adsorption [45] with strong interaction between the activated carbon sorbents and Fe(III). This result is confirmed by high KF values (Table 4), which describe the adsorption strength or reflect the relative potential of adsorption [46]. The heterogeneous nature of the systems of the activated carbon materials is confirmed by FTIR results, which showed the presence of many different surface functional groups. However, the Mn-O surface functional groups and MnO2 are the main components. Furthermore, the calculated n value of this model fell in the range of 1–10, which indicates good efficiency and favorable adsorption [44]. In addition, the Freundlich model also describes multilayer adsorption and assumes exponential decay in the energy distribution of adsorbed sites [47]. This shows that the activated carbon products could adsorb more Fe(III) by multilayer adsorption at high concentrations of Fe(III). The Langmuir isotherm model describes adsorption as a monolayer sorption process on a fixed number of functional group sites, which are energetically equivalent, and where each functional group site is occupied by one adsorbed species, which does not interact with itself [47]. In this study, the adsorption of Fe(III) on the activated carbon materials also exhibits some homogenous system characteristics for Fe(III) concentrations in the range 25–125 mg/L and 0.1 g dosage of activated carbon sorbents. In addition, the values of RL for Fe(III) adsorption derived from the Langmuir model are in the range of 0 to 1 for both SLAC and SRAC (Table 4), which shows that the adsorption of Fe(III) on the surface of both activated carbon materials is monolayer adsorption, where each Fe(III) ion is adsorbed in a single sorption site with no transmigration of the Fe(III) ion in the surfaces with unity of energies [42]. These results may be attributed to the low concentration of Fe(III) involved in only monolayer sorption occurring on the surface layer. This is confirmed by the low values of Langmuir’s constant KL (Table 4), which describe the adsorption equilibrium. In addition, it is possible that Fe(III) absorption occurs mainly on the Mn-O surface functional groups. Therefore, Fe(III) could be adsorbed by MnO2 and then accumulated on activated carbon materials by physisorption. Furthermore, RL values for both activated carbon materials increase with increasing Fe(III) concentration. This shows that Fe(III) adsorption capacities of the activated carbon products increase as Fe(III) concentration increases. This is due to the high Fe(III) concentration in the solution, which provides high driving force to overcome all mass transfer resistances between the solid and liquid phases [41]. Finally, the calculated maximum Fe(III) adsorption capacity, based on the Langmuir model (Table 4), is higher for SLAC (50.00 mg/g) than for RSAC (39.37 mg/g). This is because the SLAC material has a relatively higher surface area (Table 2). The maximum Fe(III) adsorption capacities of both SLAC and RSAC are higher than Zeolite (9.73–10.19 mg/g), bentonite (11.64–16.65 mg/g) [47], and coconut shell-based GAC (0.17 mg/g) [48].
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Figure 7: Freundlich and Langmuir models of Fe(III) adsorption isotherms by SLAC ((A) and (C)) and RSAC ((B) and (D)), respectively
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4  Conclusion

The amount of volatile matter of SL is relatively higher than that of RS, which has the effect of the percent yield of SLC being lower than that of RSC. However, the percent yields of both charcoals are relatively constant for carbonization temperatures of 350°C–400°C. The FTIR results indicate that the content of cellulose, hemicellulose, and lignin decreases with increasing carbonization temperatures from 250°C to 400°C. On the other hand, C–O, Si–O–C, and Si–O–Si bonds are appeared as a result of carbonization. Moreover, it was seen that C–O stretching blue-shifted in both charcoals in response to increasing carbonization temperature from 250°C to 400°C. The FTIR transmissions of SLC and RSC showed vibration of only low intensity for organic functional groups after carbonization at 400°C. Therefore, charcoals made by carbonization at 400°C were collected for a subsequent activation step. After pre-oxidation-hydrolysis of SLC and RSC by boiling in 1–5 wt.% KMnO4 aqueous solution and 500°C activation treatment, the percent yields of SLAC and RSAC decreased greatly with increasing percent weight of KMnO4. It was also observed that the remaining volatile matter and ash in charcoals were dissolved during the hydrolysis in boiling water. The iodine number and methylene blue number values of SLCs and RSCs increased with increasing carbonization temperatures from 250°C to 400°C. Furthermore, it was found that the porosity of all derived charcoals has the predominant characteristics of micropores (~2 nm), while the average pore sizes of all activated carbons are higher than 2 nm after activation. The surface area and pore volume values exhibit a similar behavior. However, these values for both activated carbon products decreased when 5 wt.% KMnO4 was used for pre-oxidation and hydrolysis. Likewise, the functional groups C–O, Si–O, Si–O–Si, and Si–O–C also appeared on the activated carbon products. The intensities of peaks corresponding to functional groups O–H, Si–OH, and Mn–O, which appeared after activation, increased with increasing wt.% of KMnO4 used. In addition, a red shift of the C=C in-plane vibration of the C=C bonds in activated carbon products was observed with increasing wt.% of KMnO4. Moreover, MnO2 crystals also accumulated on the surface of activated carbon products The SEM images of the activated carbon materials showed higher content of small, adhered particles, corrosion, and cleavage of the surface with holes with increasing wt.% of KMnO4. However, the surface and holes of the activated carbons collapsed and shriveled when 5 wt.% KMnO4 was used for pre-oxidation and hydrolysis. Furthermore, it was seen that RSACs are less affected by KMnO4 pre-oxidation and hydrolysis The Fe(III) adsorption experiments have shown that absorption equilibrium for the activated carbon materials is achieved at about 60 min. Both Freundlich and Langmuir isotherm models could fit the experimental data for Fe(III) adsorption on 3 wt.% KMnO4 SLAC and RSAC well, for 25–125 mg/L of Fe(III) and 0.1 g dosage of activated carbon sorbents. This indicates that the mechanism of Fe(III) adsorption by both activated carbon materials exhibits both homogenous or heterogeneous systems. These are associated with physical and chemical adsorption by different binding functional group sites as well as by MnO2. However, the degree of heterogeneous adsorption is relatively higher than that of homogeneous. It shows that the activated carbons could adsorb Fe(III) by multilayer adsorption at high concentrations of Fe(III). Finally, the calculated maximum Fe(III) adsorption capacities from the Langmuir model are 50.00 and 39.37 mg/g for SLAC and RSAC, respectively. Therefore, it can be concluded that pre-oxidation and hydrolysis of charcoal materials made by carbonization at 400°C with KMnO4 in aqueous solution is a possible step for the production of activated carbon from SL and RS with low-pollution and cheap oxidants. From this research, it was concluded that the pre-oxidation and hydrolysis by boiling potassium permanganate solution of charcoal materials with remaining volatile substances could produce the high-quality activated carbons by low-temperature activation. The pre-oxidation and hydrolysis by KMnO4 aqueous solution at 100°C before activation of charcoals or carbonous materials is simplified, economical, and highly effective, which can reduce the activation temperature for activated carbon production. However, further studies are required to in one-step activation by pre-oxidation, hydrolysis of the starting biomass materials and then activation.
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Table 1: Proximate composition of SL and RS

Raw sample types Proximate analysis by dried weight
% Volatile matter % Fixed carbon % Ash
SL 7248 £3.51 2537+ 1.73 4.07 £0.35

RS 59.01 +£0.36 30.96 £ 0.22 10.03 £ 0.35
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Table 3: Elemental composition of charcoal and activated carbon products determined by EDS

Samples Elements composition (wt.%)

C 0O Si K Ca Mn
SLC at 400°C 70.40 22.58 2.69 2.87 0.75 0.69
SLAC at 500°C + 1 wt.% KMnOy, 65.06 23.51 3.33 3.80 0.66 3.64
SLAC at 500°C + 3 wt.% KMnO, 55.49 25.27 3.88 5.67 0.55 6.13
SLAC at 500°C + 5 wt.% KMnOy, 51.38 23.39 5.24 8.68 0.89 10.42
RSC at 400°C 71.35 21.18 4.57 1.25 1.19 0.46
RSAC at 500°C + 1 wt.% KMnOy, 66.33 23.86 4.83 2.92 0.76 1.30
RSAC at 500°C + 3 wt.% KMnOy, 57.95 24.42 6.75 5.36 0.68 5.84
RSAC at 500°C + 5 wt.% KMnOy, 53.11 24.72 8.67 6.27 0.46 6.77
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Table 4: Calculated parameters of the Langmuir and Freundlich models for Fe(III) adsorption by SLAC and

RSAC
Adsorber Langmuir model Freundlich model
Omax (Mg/g) K (L/mg) R Kr 1/n n
SLAC 50.00 0.2222 0.0347-0.1525 15.700 0.2373 42124

RSAC 39.37 0.2343 0.0341-0.1458 13.183 0.2700 3.7037
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Table 2: Properties of charcoals and activated carbons derived from sugarcane leaves and rice straw

Sample types % Yield Iodine number Methylene blue BET surface  Pore volume  Average pore
(mg/g) number (mg/g) area (m?/g) (cm’/g) size (nm)

SLC 250°C 78.13 + 6.36 487 48.32 0.8274 0.03076  2.5402

SLC 300°C 6577+ 6.16 528 53.44 5.4918 0.11075 2.1921

SLC 350°C 35.06 £2.11 570 55.74 11.0337 021747  2.1043

SLC 400°C 32324229 677 64.20 16.6105 0.36550 13.2514
SLAC 500°C, 1 wt.% KMnO, 79.39 + 1.22 1145 79.65 148.4335 0.6762 19.2423
SLAC 500°C, 3 wt.% KMnO, 75.00 + 1.38 1259 77.24 413.3908  0.89107 18.7608
SLAC 500°C, 5 wt.% KMnO, 72.39 + 1.65 1080 75.37 183.8400  0.60122 15.8809

RSC 250°C 85.10 + 4.35 465 56.13 0.6090 0.03071 2.6382

RSC 300°C 75.94 +0.73 498 61.21 1.9465 0.08372  2.6416

RSC 350°C 45.56 £ 2.26 502 63.32 8.4750 0.10192  3.8283

RSC 400°C 43.95+233 518 65.11 14.4782 0.10654 12.9240
RSAC 500°C, 1 wt.% KMnO, 81.46 £ 1.92 758 70.11 137.3182  0.37573 13.4635
RSAC 500°C, 3 wt.% KMnO, 77.01 £ 1.68 937 75.49 392.9285 0.49267 16.3562

RSAC 500°C, 5 wt.% KMnO, 74.26 £ 1.43 825 73.93 178.7538 0.43623 14.9453
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