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This study proposes the conversion of waste corn grains contaminated by deoxynivalenol (also known as vomitoxin), a mycotoxin produced by plant pathogens, into a value-added product. Batches of 500 g of contaminated corn grains were pyrolyzed in a batch reactor by thermal treatment at temperatures up to 500°C with a 15°C/min heating rate and generating condensable vapors, gases and solid bio-char. The bio-char produced was subsequently activated in a furnace at 900°C, using CO2 as an activation agent, at different residence times. The effect of activation residence time on the characteristics of the activated bio-char, varying it from 0.5 to 3 h, was investigated. Characterization tests included BET surface area, SEM, TG-FTIR, pH, and XRD on both bio-char and activated bio-char. BET results illustrated a significant increase of the surface area from 63 to 419 m2g−1 and pore volume from 0.04 to 0.23 cm3g−1 by increasing the activation time from 0.5 to 3 h. SEM images visually confirmed a considerable increase in pore development. The pH significantly increased from 6 to 10 after activation, due to the elimination of acidic functional groups. The proximate analysis showed the stable carbon of the activated char reaching approximately 90 wt%, making it promising for catalyst/adsorbent applications. The adsorption performance of activated bio-char was tested by utilizing three different model molecules with different characteristics: methylene blue, methyl orange, and ibuprofen. Among all activated bio-char samples, activated bio-char with 3 h activation time showed the highest adsorption capacity, with a total adsorption (25 mg/g of activated bio-char) of methylene blue after 5 min. The results showed that the adsorption capacity of the activated bio-char was similar to that of valuable commercial activated carbon.
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INTRODUCTION
Deoxynivalenol (DON) (also called vomitoxin) is a mycotoxin substance caused by pathogens. The contamination of corn grains with DON frequently occurs around the world due to high humidity. It threatens both human and animal health, causing food refusal, vomiting and abdominal pain. It also affects the economy due to large amount of contaminated corn requiring landfill disposal (Karami, 2021). The periodic availability of large quantities of inedible corn grains contaminated by vomitoxin creates an opportunity to investigate alternative value-added uses for this product.
Conversion of contaminated biomass into bio-char via pyrolysis is a well-known technology for solid waste management. Due to its specific physical (e.g. high surface area) and chemical properties (e.g. various functional groups and high stable carbon), bio-char is an excellent candidate for adsorption processes (Enaime et al., 2020; Liang et al., 2021). Bio-char physico-chemical characteristics mainly depend on the type of biomass and pyrolysis process conditions. Pyrolysis is a thermochemical process occurring under anaerobic conditions at temperatures between 300 and 600°C. It is generally classified as slow or fast pyrolysis (Sajjadi et al., 2019). Slow pyrolysis occurs at temperatures lower than 450°C with long feedstock residence times in the reactor (5 min to hours) which favor higher bio-char yields. On the other hand, fast pyrolysis is achieved at short residence times (0.5–3 s) and at temperatures around or higher than 500°C (Papari and Hawboldt, 2015).
Activated bio-char represents one of the most attractive applications of bio-char, due to its high surface area, thermal stability, relatively low cost, and a porous structure with high reactivity with a wide range of surface functional groups (Canales-Flores and Prieto-García, 2016). The activation process can be chemical, physical, or a combination of both (Ioannidou and Zabaniotou, 2007). Studies (Yin et al., 2007; Hadi et al., 2015; Mohammad-Khah and Ansari, 2009; Tan et al., 2017) show the promising application of physically activated bio-char for adsorption processes.
Increased water pollution due to population and industrial growth is becoming one of the main global issues (Liang et al., 2021). Water contaminates are generally categorized into organic and inorganic pollutants, including dyes, phenolic compounds, surfactants, metals (arsenic, cadmium, mercury), nitrates, nitrites and pharmaceuticals. Most of these pollutants are persistent in nature causing environmental and health problems (Enaime et al., 2020). Among wastewater treatment techniques, such as reverse osmosis, advanced oxidation, adsorption, membrane filtration, biodegradation, solvent extraction, and chlorination, adsorption has been considered as an easy, efficient and cost-effective method for decontamination of water (Enaime et al., 2020; Tagliaferro, 2020; Luo et al., 2022).
Traditionally, adsorption has been performed using activated carbon derived chiefly from fossil resources (Ahmed, 2016; Gopu et al., 2018). Although the activated carbons produced from fossil resources are successfully used for their good adsorption performance (Ahmed, 2016; Gopu et al., 2018), using these activated carbons has two downsides: the limitation of fossil resources and the unsustainability of the activated carbon. Recently, adsorption processes using activated carbons from alternative resources have gained special attention.
Table 1 summarizes studies that employed activated carbon sourced from renewable resources for the adsorption of dye and aluminium from aqueous phase. Muhtaseb et al. (Ahmed, 2016) studied the adsorption of aluminum on bio-char produced from date pits and physically activated at 700°C with CO2. The results show the maximum adsorption capacity of 5.83 mg/g of Al from a solution with the initial concentration of 3–390 mg/L, dosing 2 g/L of activated adsorbent at a pH of 4 and for 24 h of contact time. In another study (Gopu et al., 2018), municipal solid waste (MSW) activated bio-char was used for removing methylene blue from water. The material was activated at 900°C with CO2 as activation agent. The maximum adsorption capacity was 327 mgdye/gchar with a 248.4 m2/g activated specific surface area.
TABLE 1 | Comparison of adsorption capacity of methylene blue using activated biochar from different types of biomass.
[image: Table 1]The main objective of this work was to investigate the use of wastes, derived from renewable and sustainable resources, and, specifically, contaminated corn, to produce value-added activated bio-chars offering adsorption performance characteristics similar to those of their fossil-derived counterparts. This study is unique in terms of using a non-edible toxic corn and production of a value-added product which can compete with conventional adsorbents.
MATERIALS AND METHODS
Feedstock Characterization
Grain Farmers of Ontario (GFO), Guelph, Ontario, Canada provided field contaminated corn grain as a feedstock for this study. The concentration of deoxynivalenol (DON) in the raw feedstock was measured by SGS Canada Inc., Hensall, Ontario using an Enzyme-Linked Immunoassay (ELISA), Diagnostix, EZ-TOX DON (with a detection limit 0.5 ppm) and was found to be between 5 and 7 ppm. The proximate analysis showed the amount of volatile matter (VM), fixed carbon (FC), and ash content based on ASTM D1762. Ultimate analysis was conducted to determine carbon, hydrogen, nitrogen, and oxygen content, using Thermo Flash EA 1112 elemental analyzer (CHNSO) (Table 2).
TABLE 2 | Proximate and ultimate analysis of raw corn.
[image: Table 2]Pyrolysis Reactor
Slow pyrolysis experiments were carried out in a batch mechanically mixed reactor equipped with a paddle mixer rotating at 30–40 rpm, as shown in Figure 1. The reactor consists of a 316 stainless steel horizontal cylinder 33 cm long, and 20 cm in internal diameter, with a capacity of 8.5 L. An induction furnace (5–100 kW, Superior Induction Company, CA, United States) with an on-off controller was used to heat the reactor. The pressure inside the reactor was measured using a pressure gauge (max 15 psi) connected to a pressure release valve (McMaster-Carr, Cleveland, OH, United States). A stainless-steel shell and tube condenser kept in a water bath filled with tab water and used to collect condensable vapours (bio-oil). Non-condensable gases exiting the condenser would then pass through a cotton filter to collect the residual mist, and eventually be directed to the exhaust line.
[image: Figure 1]FIGURE 1 | Process Flow Diagram (PFD) of mechanically mixed reactor (adapted from (Karami, 2021)).
Activation Furnace
To investigate the adsorption potential of bio-char as an alternative to commercial activated carbons derived from fossil fuels, samples of bio-char were physically activated using an SS316 tubular reactor with 5 cm O.D and 100 cm long. A 240 V electric tube furnace (Lindberg/Blue M, Ashville, United States) was used to heat the activation unit. The reactor was equipped with a built-in temperature control system (Figure 2). The bio-char activation experiments were performed in the tube furnace reactor at 900°C using a sweeping CO2 flowrate of 0.5 L/min, as recommended based on a previous study (Gopu et al., 2018). In each experiment, 50 g of bio-char was loaded into the furnace. Once the furnace reached 900°C, it was maintained at that temperature for holding times of 0.5, 1, 2, or 3 h.
[image: Figure 2]FIGURE 2 | Scheme of physical activation unit, activation occurred at 900°C using a sweeping CO2 flowrate of 0.5 L/min for holding times of 0.5, 1, 2, or 3 h (adapted from (Singh, 2019)).
Activated Bio-Char Characterization Methods
Surface Area (BET)
The Brunauer-Emmett-Teller (BET) method was used to evaluate the surface area of bio-char and activated bio-char samples. For this purpose, a Nova 1200e Surface Area and Pore Size Analyzer (Quantachrome Instrument, FL, United States) was used. 0.3 g of each sample were subjected to tests by nitrogen gas sorption at 77.35 K. After that, the samples were degassed at 105°C for 1 h to eliminate any remaining moisture. This was followed by subjecting the samples to elevated temperatures (300°C) and maintaining them for at least 3 h, before analysis.
Scanning Electron Microscopy (SEM) Analysis
SEM-EDX analysis of the activated bio-char samples was performed using a Hitachi SU3500 Scanning Electron Microscope (SEM) combined with an Oxford AZtec X-Max50 SDD energy dispersive X-ray (EDX) detector available at Surface Science Western (Western University). Backscatter Electron (BSE) imaging was used to provide superior analysis of the particles, with variations in greyscale based on the average atomic number of the material. EDX is a semi-quantitative technique that can detect all elements with a minimum detection limit of approximately 0.5 weight percent. For these tests, a 10 kV accelerating voltage was applied. The samples surfaces were coated with a thin layer of gold to reduce any charging effect.
Thermogravimetry–Infrared Spectroscopy (TG-FTIR)
Small portions of the samples were analyzed by Fourier Transform Infrared (FTIR) spectroscopy using the Platinum® attenuated total reflectance (Pt-ATR) attachment equipped with a diamond crystal in the main box of a Bruker Tensor II spectrometer, Coventry, England. This experimental setup allows to analyze an area of approximately of 2 mm × 2 mm to a depth of 0.6–5 microns. The spectra were collected at wavenumbers between 4000–400 cm−1 with a resolution of 4 cm−1 and 32 scans. The spectra were corrected for the contribution from water vapour and carbon dioxide. Some of the spectra were baseline corrected.
X-Ray Diffraction (XRD)
The X-ray diffraction (XRD) analysis was performed within the scanning range of 10–90° 2θ using a Rigaku SmartLab automated multi-purpose XRD system equipped with Cross Beam Optics (CBO) system and a high-precision theta-theta goniometer featuring a horizontal sample mount and a 2D HyPix-3000 detector. Measurements were performed in Bragg-Brentano geometry using Ni-filtered CuKα radiation (λ= 1.54059 Å). SmartLab Studio II software was used to acquire XRD data.
pH
The pH of activated bio-char samples was measured based on the Rajkovich et al. (Singh et al., 2017) procedure. One gram of each sample of bio-char was suspended in 20 ml of deionized water. All the samples were put in the BNIS-100 Bionexus Thermo Incubator Shaker (Oakland, CA, United States) for 1.5 h. The slurry was filtered with Whatman, Grade 1 filter paper, and the pH was measured by the Orion 2 STAR pH meter (Thermo Fisher Scientific, MA, United States).
Adsorption Experiments
Adsorption studies were performed using solutions of methylene blue (MB), methyl orange (MO), and ibuprofen as model compounds. The concentration of methyl orange and methylene blue solutions utilized in the experiments was 250 mg/L to which 1 g of bio-char, or activated bio-char, or commercial activated carbon (CAC) was added in 100 ml samples. CAC samples (Norit® SX2, CAC number 7440-44-0) were purchased from Sigma Aldrich, Canada. They were produced from peat, activated with steam and acid washed. However, the ibuprofen concentration was 120 mg/L and the experiments were performed by adding 100 mg of adsorbents to 30 ml samples (Kannan and Sundaram, 2001; Jan et al., 2012).
All the adsorption experiments were carried out at room temperature (25°C) in a stirrer (INTLLAB) with a constant agitation rate for 3 h. The concertation of samples was measured using a UV-VIS spectrophotometer (Thermo Scientific Evolution 220). The amount of MB, MO, and ibuprofen components adsorbed was calculated using Eq. 1:
[image: image]
Where C0 (mg/L) is the initial concentration of the solution, Ct is the solution concentration after adsorption. V (ml) is the dye solution volume, and m (g) is the mass of adsorbent (Savci and Uysal, 2017).
UV-VIS Spectrophotometry
The initial and final concentrations of the solution used during the adsorption experiments were measured using a UV-Vis spectrophotometer. Plastic cuvettes were used for methyl orange and methylene blue and quartz cuvettes for ibuprofen. The maximum wavelength for methylene blue (MB), methyl orange (MO), and ibuprofen were determined to be 668, 464, and 220 nm, respectively. Each cuvette was filled with a specific ratio of solution and deionized water to reach 3 ml.
RESULTS AND DISCUSSION
Physical and Chemical Characteristics of Activated Bio-Char
Table 3 shows that, by activating the bio-char, its structure becomes more stable as the fixed carbon percentages increased from 61% (bio-char produced at 500°C) to 88% (activated bio-char after an activation time of 3 h). The ash content increased after activation due to the concentration effect.
TABLE 3 | The effect of pyrolysis temperature and activation time on the characteristics of activated bio-char (proximate analysis).
[image: Table 3]Yields of activated bio-chars were calculated by loading the same amount of bio-chars (50 g) produced at various temperatures of 450, 500, 600, and 650°C and then subtracting the remained weight of bio-char after the activation divided by the original weight. The holding time for all four samples was 3 h, during which the activation conditions were held constant. Since bio-char samples produced at higher temperatures 600 and 650°C contain less volatiles, 7 and 15.4% respectively, no significant weight loss occurred after activation. Therefore, higher yields were observed for activated bio-char using bio-char pyrolyzed at 650°C (ACB-650-3 h) and ACB-600-3 h compared to ACB-500-3 h and ACB-450-3 h (Figure 3). Although the yield of activated bio-char per gram of raw bio-char increased from 48 to 85%, the yield of activated bio-char per gram of biomass, as shown in Figure 3, remained approximately constant (20%) over the experiments at different temperatures.
[image: Figure 3]FIGURE 3 | Yield of activated carbon produced using bio-char samples generated at 450, 500, 600, and 650°C with the same activation time of 3 h with CO2 flowrate of 0.5 L/min, normalized with respect to the mass of bio-char and biomass at 900°C, Trendlines are added for a better illustration.
Table 4 illustrates the elemental analysis for the four activated bio-chars produced at different holding times of 0.5, 1, 2, and 3 h and plain bio-char. The initial bio-char used for all these activation processes was bio-char produced at a pyrolysis temperature of 500°C and similar in all the experiments. The carbon content of the activated bio-chars was 84%, approximately 10% higher compared to its original bio-char (73.2%). Activated carbons with high carbon contents have potential use in catalytic applications. Also, activated bio-char with high nitrogen percentages is practical as a fertilizer in soil (Mohammad-Khah, Ansari). Adding activated bio-char to the soil has been proven to be beneficial. The high number of pores and increased surface area of the activated bio-char are two parameters that make it valuable as a soil amendment by increasing porosity and ability to store minerals, pH, and water retention capabilities (Batista et al., 2018), (Gopu et al., 2018).
TABLE 4 | Elemental analysis results for the original bio-char and its four activated derivatives produced with different activation holding time of 0.5, 1, 2, 3 h.
[image: Table 4]BET Surface Area and Porosity Analysis of Activated Bio-Char
The Brunauer-Emmet-Teller (BET) technique is used to examine activated bio-char’s specific surface area with the purpose of explaining dye adsorption on its surface. It also includes the measurement of pore size distribution and volume (Wani et al., 2020). High surface area along with the pore size are two major parameters which significantly contribute in adsorption process. CO2 is a well-known activator for developing microporosity, and as a result, increasing the surface area of activated bio-char (Gopu et al., 2018). Table 5 indicates that the surface area of the activated bio-char increased significantly from 63 to 419 m2g−1 by increasing the activation time from 0.5 to 3 h. The maximum BET surface area achieved during these experiments approaches that of CAC used as a comparison (595 m2g−1).
TABLE 5 | BET surface area and pore volume results for the activated bio-chars produced at 900°C with activation times of 0.5–3 h compared to commercial activated carbon (CAC).
[image: Table 5]SEM Images
The surface morphology of raw corn, bio-char produced at 500°C, and activated bio-chars are shown in the SEM images of Figure 4, respectively. The SEM images show that the raw corn surface is smooth and homogenous with no pores and that the porosity develops as a result of pyrolysis. At 500°C, some pores are detected, however, the presence of volatiles does not allow for the formation of more pores (Figure 4B). Activation affects the number of pores and also the appearance of the cracks (channel structure and honeycomb), increasing the available surface area of the activated bio-char (El-Shorbagy et al., 2021). Figure 4 shows that, by increasing the activation time from 1 h to 3 h, an obvious evolution of pores and surface heterogeneity was observed corresponding to the increase in the BET surface area from 63 to 419 m2g−1 and in the pore volume from 0.04 to 0.23 cm3g-1, confirmed by the visual observation of the SEM images.
[image: Figure 4]FIGURE 4 | SEM images (500 magnitude) of (A) raw biomass, (B) bio-char at 500°C, activated bio-chars produced at 900°C with activation times of (C) 0.5, (D) 1, (E) 2, and (F) 3 h.
FTIR
FTIR is utilized for both structural determinations of organic compounds and for bio-char bond characterization (Chen et al., 2016). The FTIR patterns for raw corn and bio-char products are shown in Figure 5. Table 6 shows the wavenumber corresponding to the main peaks and the functional groups attributed to each region. In the corn starch spectrum, O–H, CH2, and –C–C– stretching vibrations are attributed to 3200–3400, 2850–2900, and 1600–1700 wavenumber (cm−1), respectively. Peaks with a wavenumber of 1300–1450 cm−1 and 850–900 cm−1 in raw corn represent O–H and –C–C–bending vibrations, respectively (Oromiehie et al., 2013). Raw corn displays the highest number of peaks at the single bond and fingerprint region. The intensity of light components (3252 cm−1 bands) with hydroxyl (–OH) and carboxyl (–COOH) groups diminishes with increasing pyrolysis temperature and disappears at higher temperatures. When compared to other samples, raw corn has two peaks with high absorbance intensity of 3252 cm−1, and 1014 cm−1, indicating the presence of a great number of alcohols, hydroxyls, and aliphatic compounds in its structure. As the temperature increases, only complex compounds within the fingerprint region remain. For instance, two peaks of 1581 cm−1 and 868 cm−1 show the aromatic rings, and 1155 cm−1 shows the amine compounds with CN stretch. Figure 5 illustrates that complex products, such as aromatic and aliphatic compounds, can be seen even at high temperatures (900°C). The results are in accordance with other studies by A. R. Oromiehie et al. (Oromiehie et al., 2013) and Kizil et al. (Kizil et al., 2002).
[image: Figure 5]FIGURE 5 | FTIR spectra of raw corn, bio-char produced at 450, 550, and 650°C (holding time: 30 min), and activated bio-char produced at 500°C with activation holding time of 3 h.
TABLE 6 | FTIR peaks analysis (adapted from (Nandiyanto et al., 2019)).
[image: Table 6]XRD Analysis
XRD analysis was performed on two samples of bio-char produced from the pyrolysis of corn grains at 600 and 650°C and all the activated bio-char samples with activation time changing from 0.5 to 3 h (Figure 6). The results show two main diffraction peaks at 2ϴ = 22–28° and 2ϴ = 42°, representative of amorphous structure, presence of carbon, and graphite (Chen et al., 2017; Pusceddu et al., 2017). A high peak at 2ϴ = 24° is a representative of carbon (C12 to C60), because at high temperatures the carbon content of bio-char increases (Chen et al., 2016; Assirey and Altamimi, 2021).
[image: Figure 6]FIGURE 6 | XRD patterns of two samples of bio-char produced at 600 and 650°C, and four samples of activated bio-char with activation time changes from 0.5 to 3 h.
ADSORPTION EXPERIMENTS
Methylene Blue (MB)
The adsorption performance of original bio-chars and of the activated bio-chars produced from the pyrolysis of corn grains was measured using dyes (MB and MO), as model molecules, and ibuprofen, as a real molecule representing a typical pharmaceutical. The results were also compared with the performance of commercial activated carbon (CAC). The main reasons for choosing methylene blue (MB), methyl orange (MO), and ibuprofen (IBU) for adsorption experiments are their UV activity and their different molecular sizes (MB = 2 nm, MO = 1.2 nm, IBU = 1 nm) (Zurutuza et al., 2020; Elgarahy et al., 2021; Wei et al., 2021). Methylene blue is a cationic molecule and its structure consists of six carbon aromatic rings, nitrogen, and sulphur (Santoso et al., 2020). The molecular size of this dye is ∼2 nm (Ma et al., 2012) and its adsorption on the surface of the bio-char reveals the presence of mesopores in the structure of the adsorbent (Foo and Hameed, 2011).
Adsorption tests of methylene blue molecules were performed using a constant bio-char sample mass (1 g). Figures 7, 8 illustrate the comparison between the performance of bio-char produced at 500°C (BC-500) and of four activated bio-chars with holding times of 0.5 (ACB-500-0.5 h), 1 (ACB-500-1 h), 2 (ACB-500-2 h), and 3 (ACB-500-3 h) hours. CO2 penetration into the internal structure of bio-char during activation leads to widening of the pores obtained during the pyrolysis step (Colomba, 2015). Figure 7 illustrates that the ACB-500-2 h sample adsorbed about 92% of MB after 1 h of contact time, which was higher compared to the other two samples in that group. Among all activated bio-char samples produced with activation times of 0.5, 1, 2, and 3 h, ACB-500-3 h showed the highest adsorption capacity, with a total adsorption (25 mg) of MB after 5 min (Figures 8, 9). This result is in good agreement with the porosity measurements, which show that the BET surface area of activated bio-char (3 h) was higher (419 m2g−1) compared to other activated carbons bio-chars (63, 151, and 253 m2g−1). The performance of ACB-500-3 h was also compared to that of commercial activated carbon (CAC). Figure 8 shows CAC and ACB-500-3 h exhibit almost the same adsorption behavior with only 3 min time difference, which could be due to the higher surface area of CAC (595 m2 g−1) compared to that of ACB-500-3 h (419 m2g−1).
[image: Figure 7]FIGURE 7 | Methylene blue adsorption profiles for four samples: bio-char produced at 500°C and three activated bio-chars produced at 900°C with activation holding times of 0.5, 1, and 2 h 100 ml samples with 250 mg/L of MB concentration to which 1 g of bio-char was added.
[image: Figure 8]FIGURE 8 | Comparison of MB adsorption profile using ACB-500-3 h sample and commercial activated carbon (CAC). 100 ml samples with 250 mg/L of MB concentration to which 1 g of bio-char and CAC was added.
[image: Figure 9]FIGURE 9 | Visual display of MB adsorption using 1 g of ACB-500-3 h adsorbent sample in 250 mg L−1 of MB solution.
Methyl Orange (MO)
Figure 10 shows the adsorption of methyl orange (MO) using original samples of the same type of bio-char and the activated bio-chars used for the experiments described earlier. The initial concentration of the stock solution was 250 mg/L, which is similar to that of the MB experiments. The results show that 83% of MO was adsorbed using 1 g of ACB-500-2 h after 2 h contact time. Comparing the MB adsorption graphs in Figure 7 with Figure 10, the rate of MB adsorption in the first 30 min of the experiments was higher for the same experiment and activated samples.
[image: Figure 10]FIGURE 10 | Methyl Orange adsorption profiles for four samples: bio-char produced at 500°C and three activated bio-chars produced at 900°C with activation holding times of 0.5, 1, and 2 h 100 ml samples with 250 mg/L of MO concentration to which 1 g of bio-char was added.
Figure 11 shows the comparison between the adsorption performance of the ACB-500-3 h sample and of the CAC sample. Total adsorption of MO (25 mg) occurred after 2 min using the CAC. However, the contact time required for the total adsorption increased to 8 min, while using the ACB-500-3 h sample.
[image: Figure 11]FIGURE 11 | Comparison of MO adsorption profile using ACB-500-3 h sample and commercial activated carbon (CAC). 100 ml samples with 250 mg/L of MO concentration to which 1 g of bio-char and CAC was added, trendlines are added for a better illustration.
Ibuprofen
Ibuprofen with the molecular formula of C13H18O2 is an anti-inflammatory drug with widespread global consumption. However, due to its chemical structure, it also spreads and accumulates widely in aquatic environments, creating a serious concern for both humans and the environment (Mestre et al., 2007; Essandoh et al., 2015). There are various chemical, physical, and biochemical processes for removing ibuprofen. The existing processes have two downsides: they are expensive processes, and secondly, they are not sufficiently effective (Ternes et al., 2002). Bio-chars and activated carbons acquired from agricultural by-products offer good alternatives for drinking water treatments because of their strong interactions with organic contaminants in the aqueous phase (Jung et al., 2013).
Similar experiments to those with MB and MO were performed with ibuprofen (IBU), starting with the ACB-500-3 h sample and exploring the adsorption profile of this pharmaceutical. Figure 12 shows that ACB-500-3 h could adsorb 76% of the ibuprofen after 0.5 h and 95% after 1 h. To reduce the adsorption contact time, a bio-char sample was activated with a holding time of 5 h, to determine if this would improve the ibuprofen adsorption profile. After increasing the activation time to 5 h (Figure 13), the adsorption contact time decreased from 3 h to 12 min. The BET surface area of ACB-500-5 h was 551 m2g−1, very similar to that of CAC (595 m2g−1).
[image: Figure 12]FIGURE 12 | Ibuprofen adsorption profile using ACB-500-3 h sample in an ibuprofen solution with the concentration of 120 mg L−1. 30 ml samples with 120 mg/L of ibuprofen concentration to which 100 mg of activated bio-char was added.
[image: Figure 13]FIGURE 13 | Comparison of ibuprofen adsorption profile using ACB-500-5 h sample and commercial activated carbon (CAC). 30 ml samples with 120 mg/L of ibuprofen concentration to which 100 mg of activated bio-char and CAC was added.
Adsorption Mechanism
There are many parameters that can affect the adsorption process, such as initial dye concentration, solution pH, amount of adsorbent, and temperature (Elgarahy et al., 2021). In this study, the focus was the effect of pH. The effect of pH is different depending on the type of adsorbent. Kannan et al. (Kannan and Sundaram, 2001) discussed the pH effect on methylene blue (MB) adsorption and the results showed increased adsorption rates after increasing the pH for various adsorbents suspensions in water, such as activated carbons from bamboo dust, coconut shells, rice husks, and straw. According to the pKa value of MB, MO, and IBU, which are 3.8, 3.5, and 4.9, respectively, their molecular charges are different at pH > pKa (Zhu et al., 2004). The MB molecule is positively charged at pH > 3.8, MO and IBU molecule are both negatively charged at pH > 3.5, and pH > 4.9, respectively (Zhang et al., 2017; Sumalinog et al., 2018; Ocampo-Perez et al., 2019).
Table 7 indicates how the pH of activated bio-char samples increased after increasing the activation time from 0.5 to 3 h, which increased the adsorption rate. The activated carbon characteristics, such as surface area, porosity, pore-volume, pore distribution, and functional groups, significantly affect the adsorption process (Heidarinejad et al., 2020).
TABLE 7 | pH of water suspensions of bio-chars produced at 500°C, activated bio-chars produced at 900°C (different activation times changing from 0.5 to 5 h), and CAC.
[image: Table 7]Studies (Vargas et al., 2011; Ma et al., 2012) show that, apart from the parameters discussed above, the presence of functional groups such as aromatic rings –C=O, –C=N, –C–O–C–, –OH, –NH2, –C=S, and –S=O on the surface of the adsorbent (activated bio-char) play a significant role in MB adsorption. The FTIR results of ACB-500-3 h illustrate the presence of –C=O, –C=N functional groups, which improved the MB adsorption mechanism.
One reason for the different results between MB and MO, while using dye for both experiments could be related to the size of the molecules (MO: 1.2 nm, MB: 2 nm). Also, the adsorption of MB and MO occurs via electrostatic interactions, electron donor-acceptor relationships, or π-π interactions (Zhu et al., 2004). These forces develop between the functional groups on the surface of the carbon and of the dye molecules and any of them could be responsible for the different dye adsorption behavior between two dyes (Santoso et al., 2020).
Cost Estimation and Comparison
According to the global activated carbon market forecast, the market will grow from USD 3.12 billion in 2021 to USD 4.5 billion in 2028 (Report ID FBI102175, 2021). Currently, both coal-based activated carbon and biomass-based activated carbon are available in the market. Table 8 shows a comparison between these two types of activated carbons. Both samples have similar characteristics in terms of BET surface area and iodine number, but the one wood based is cheaper. More importantly, the activated carbon that is made from waste biomass is sustainable and environmentally friendly.
TABLE 8 | Comparison of activated carbon coal based and biomass based, respectively (adapted from (Chemical Auxiliary Agent).
[image: Table 8]CONCLUSION
In this study, vomitoxin contaminated waste corn grains were converted into value-added activated bio-char using two successive processes consisting of pyrolysis and subsequent activation. Pyrolysis completely eliminated the contamination, as DON decreased from 5 to 7 ppm to nil. The bio-char produced was physically activated at a temperature of 900°C with a flowrate of 0.5 L/min CO2. This activated bio-char showed a significant improvement in the adsorption capacity with respect to raw bio-char. The surface area of the activated bio-char increased from 63 to 419 m2 g−1 by increasing the activation time from 0.5 to 3 h. Methylene blue, methyl orange, and ibuprofen were completely adsorbed by activated corn bio-char after 5, 8, and 12 min, using ACB-500-3 h, ACB-500-3 h, and ACB-500-5h, respectively, showing a similar performance (on per g basis) to that of commercial activated carbon. The high adsorption capacity of activated bio-char was due to the large number of pores, which developed during the activation process. This result was visually confirmed through SEM analysis. Further, the high adsorption rate of these molecules was attributed to the high pH (pH = 9) of the activated bio-char, as well as the presence of functional groups (e.g. –C=O, –C=N) on the surface of the adsorbent, as proven by FTIR analysis. This study represented the second phase of a larger project dealing with the investigation of the effect of pyrolysis technology on the elimination of deoxynivalenol (DON) from corn grains. The results confirmed that a toxic waste can be converted into a value-added product that, with its adsorption properties, can effectively compete with commercial activated carbon. This result matches the green chemistry objectives along with sustainable engineering, since the bio-char is produced from waste biomass and can replace activated carbon produced from non-renewable fossil fuels.
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