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Abstract

:

Currently, heavy metal-contaminated groundwater is an environmental concern. This study investigated the use of bamboo biochar, chitosan-impregnated biochar, and iron-impregnated biochar for arsenic, iron, and manganese removal from groundwater. Isotherms of arsenic, iron, and manganese adsorption by bamboo derived biochar were compared with those of commercial activated carbon in simulated groundwater composed of single and trinary heavy metal solutions. The binding of heavy metals by virgin and loaded bamboo biochar and activated carbon was also investigated by sequential extraction. Chitosan and iron-impregnated biochar had enhanced arsenic adsorption, but these sorbents turned the pH of solution acidic, while it was alkaline for activated carbon. Adsorption equilibrium times of arsenic and iron were faster for single than trinary heavy metal systems because less ion competition occurred at active sites. The Langmuir model fitted the adsorption data well. The maximum adsorption capacities of arsenic, iron, and manganese by bamboo biochar in trinary heavy metal system were 2.2568, 0.6393, and 1.3541 mg g−1, respectively. The main mechanism for arsenic removal was precipitation with iron. Bamboo biochar bound iron in organic and sulfide fractions and manganese with iron-oxide. Bamboo biochar can replace activated carbon as a more efficient and sustainable carbonaceous sorbent material for removal of mixed heavy metals from groundwater within acceptable pH ranges.
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1. Introduction


Iron (Fe) and manganese (Mn) are ubiquitous in soil and normally found in surface and groundwater from rock weathering. In some regions of Asian countries, heavy metal contamination in water resources was associated with mining, manufacturing, and rock weathering [1,2]. Arsenic (As) is one of the heavy metals causing concern, and about 180 million people are at risk of arsenic poisoning [2]. In addition, environmental impacts will differ between single-metal and mixed-metal pollution [1]. Excessive arsenic, iron, and manganese concentrations were found in groundwater in the rural areas of developing countries where groundwater is the main water resource for drinking water. Groundwater reportedly contained As, Fe, and Mn at maximum concentrations of 0.09, 3.68, and 0.38 mg/L in Jashor, Bangladesh [3]; 0.112, 46.3, and 6.16 mg L−1 in Shuangliao, China [4]; and 0.416, 68, and 1.9 mg L−1 in Lampang, Thailand [5]. Iron and manganese are necessary for human health as iron relates to a wide variety of metabolic processes, including oxygen transport, deoxyribonucleic acid synthesis, and electron transport [6]. Manganese is also essential for development, metabolism, and the antioxidant system [7] serving as a cofactor of several critical enzymes [8]. However, prolonged consumption of high amounts of these heavy metals results in severe health impacts such as organ dysfunction including cell death, fibrosis, and carcinogenesis from iron toxicity [9]; psychiatric symptoms including emotional liability, mania, compulsive or aggressive behavior, irritability, reduced response speed from manganese toxicity [10]; and disturbance in the nervous system, while carcinogenic effects on numerous organs such as lung, urinary tract, and skin result from arsenic toxicity [11]. The maximum concentrations of As, Fe, and Mn for drinking water recommended by the WHO (2017) [12] are 0.01, 0.3, and 0.4 mg L−1, respectively. As the excessive presence of As and Mn in water resources is a serious concern to public health, they should be removed to the allowable concentrations by water treatment.



The adsorption process is widely used in water treatment due to its ease of operation and cost-effectiveness. Adsorption is a mass transfer process in which the pollutant from the liquid phase transfer to the solid phase or adsorbent. The porous structure, surface area, and functional groups of adsorbents play an important role in heavy metal removal. Heavy metals tend to adsorb onto the oppositely charged adsorbents. Among the numerous studied adsorbents, biochar has proven to be effective for the removal of heavy metals from water and wastewater due to its negative charge from oxygen functional groups and also other related mechanisms such as complexation, physical sorption, reduction of metal species, electrostatic interactions, and precipitation [13,14]. Thus, biochar is increasingly considered as alternative that can replace commercial activated carbon. Biochar can also be modified on its surfaces with chemicals to improve its adsorption properties. Chitosan impregnation of biochar was reported for the removal of inorganic and organic pollutants including heavy metals [15]. Chitosan is widely used because it is a biodegradable and renewable polymer that possesses both cationic charges (from amino groups-NH2) and anionic charges (from hydroxyl groups-OH). Loc et al. [16] reported the removal of an organic dye by chitosan-modified biochar through electrostatic interaction and complexation. Another simple modification of biochar surfaces is iron impregnation for the removal of acid red dye [17], phosphate [18], and arsenic [19,20]. Sun et al. [21] concluded that the main mechanisms for arsenic removal by modified biochars were electrostatic interaction, complexation, and precipitation.



Biochar composition is highly heterogeneous, containing not only the main elements of carbonaceous adsorbents (carbon, hydrogen, and oxygen) but also nutrients (nitrogen, phosphorus, and potassium) and some heavy metals. It was reported that biochar produced from coconut residues and rice straw contains Fe, Zn, and Al [22]. Wang et al. [23] researched the amounts of heavy metals in chicken manure biochar and water-washed swine manure biochar indicating high concentrations of arsenic, chromium, and manganese; however, the proportions of labile fractions were decreased with increased pyrolysis temperature during thermal conversion of biomass. Thus, if biochar is used as adsorbent for water treatment it may release nutrients and heavy metals. It was reported that the release of ions from biochar into deionized water followed the order of Cl− > K+ > Na+ > PO43− > SO42− > Ca2+ > NO3− > Mg2+ > NH4+ = NO2− and chitosan-impregnated biochar released less ions than unmodified biochar [24]. Previous research mostly evaluated the removal of heavy metals by biochar and modified biochar in single solute systems. Few studies have addressed the removal of mixed heavy metals and considered the fraction of heavy metals in biochar.



Bamboo is abundantly available in tropical and subtropical countries. To increase its stability in the environment, it is necessary to convert raw biomass to biochar. Bamboo may be a promising adsorbent as bamboo biomass has been previously transformed into biochar, activated carbon, and aerogel [25]. Previous research reported the main structural components of bamboo biomass were cellulose and hemicellulose of 47.5 and 15.3%, respectively [26]. A review on bamboo-based biochar indicated the high surface area and mesoporous structure of bamboo biochar enables it to adsorb antibiotics (fluoroquinolone, sulfamethoxazole, and sulphapyridine), nutrients (ammonium ion, nitrate ion, and phosphate ion), heavy metals (Cd, Cr, and U), dyes (Congo red and acid black 172), and 2,4-dichlorophenol [25]. Hernandez-Mena et al. [26] reported bamboo biochar could adsorb heavy metals with strong adsorption intensity, but less is known about the removal of mixed heavy metals, such as As, Fe, and Mn in a trinary system [26]. In addition, the effects of surface modification on adsorption capacities for a trinary system has also hardly been investigated. Thus, the present study aimed to (i) study the performance of bamboo biochar without and with modification by iron and chitosan impregnation, in comparison with commercial activated carbon, in terms of the adsorption of As, Fe, and Mn in single and trinary systems and (ii) to investigate the labile and stable fractions of heavy metals bound onto bamboo-derived biochars.




2. Materials and Methods


2.1. Simulated Water Solution


Tap water was used to provide background ions for all experiments. It was analyzed for cations and anions by Ion Chromatography (IC, 761 Compact IC, Metrohm, Switzerland) as shown in Table 1. Before being used, tap water was spiked to achieve the desired concentration of each heavy metal in the preparation of the single or trinary heavy metal solution systems. The Fe(II), Mn(II), and As(V) ions were prepared from FeSO4·7H2O (Ajax Finechem Pty Ltd., Taren Point, Australia), MnSO4·H2O (Ajax Finechem Pty Ltd., Taren Point, Australia), and Na2HAsO4·7H2O (Sigma-Aldrich, St. Louis, MO, USA) salts in analytical grade, respectively.




2.2. Bamboo-Derived Biochars and Characterization


Bamboo biochar (B) was derived from Ubon Ratchathani province, Thailand. Bamboo stem (Bambusa beecheyana) at the age of 2–3 years were cut into lengths of 30 cm and then the cuttings were placed in a traditional earth mound kiln (hemispherical shape with diameter of 2.5 m and height of 2.5 m). Carbonization was completed within 6 days with the temperatures range 400–600 °C. Then, the kiln was left to cool for 6 days, and biochar was taken out from the kiln. It was crushed to a uniform size in the range of 2.0–3.0 mm. All experiments used same batch of biochar production.



Chitosan-impregnated bamboo biochar (BC) was prepared following Vinitnantharat et al. [27] by placing 5 g crushed B in 100 mL chitosan solution in a 250 mL Erlenmeyer flask. Then, the suspension was agitated in a shaker at 100 rpm for 24 h at room temperature (30 °C). The chitosan solution was prepared by dissolving 1 g chitosan powder in 100 mL of 1% (v v−1) acetic acid. BC was separated from the mixture and rinsed with tap water until the pH of the wash water reached 7.0 ± 0.5. BC was rinsed with deionized water (200 mL) and air dried for 2 days before storage in a bottle.



Iron-impregnated bamboo biochar (BFe) was prepared by adapting the method of Kalaruban et al. [28]. A total of 20 g of crushed B was mixed with 1.35 % (w v−1) of FeCl3·6H2O solution in a 250 mL Erlenmeyer flask. Then, the suspension was agitated in a shaker at 100 rpm for 24 h at room temperature (30 °C). BFe was separated from the mixture by filtering through a plastic sieve, then it was rinsed with tap water until pH was 7.0 ± 0.5 and rinsed with deionized water (200 mL). BFe was left to dry at room temperature and then kept in a bottle.



Commercial activated carbon (AC) in the size of 2.0–3.0 mm was obtained from Charcoal Home Co., Ltd., Bangkok, Thailand. It was made from bamboo (Dendrocalamus asper) by carbonization in a brick kiln at high temperature (1000 °C). It was used as received.



Adsorbents were characterized by the physical adsorption of nitrogen gas according to the method of Brunauer, Emmet, and Teller (BET, Quantachrome, Quandrasorb evo, Anton Paar GmbH, Graz, Austria); the surface features and morphology were studied by a Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM-EDS, Jeol, JSM-7610F Plus, Japan); surface functional groups were characterized by Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet 6700, Waltham, MA, USA); and chemical composition was studied by X-ray fluorescence (XRF, Rigaku, ZSX Primus II, Japan).



Iodine number was analyzed to determine the iodine adsorption following the ASTM D4607 method. The pH of each biochar was measured after shaking 5 g of biochar in 50 mL of deionized water (pHDI) at 100 rpm at 30 °C and the pH at point of zero charge (pHpzc) was analyzed following the method of Khawkomol et al. [22]. The pH value was measured by a pH meter (pH3210, WTW, Weilheim, Germany).




2.3. Adsorption Equilibration Time Study


The adsorption equilibration time was performed for single and trinary heavy metal solution systems. The single heavy metal system was performed using 0.5 g of adsorbents with 50 mL of solution containing 0.05 mg L−1 As(V), or 7.0 mg L−1 Fe(II), or 1.0 mg L−1 Mn(II) in 100 mL plastic bottles. As for trinary heavy metal system, the concentrations of As(V), Fe(II), and Mn(II) were 0.02, 7.0, and 1.0 mg L−1, respectively. The solution pH was adjusted to 7.00 ± 0.50, except that it was 4.40 ± 0.50 for adsorption of single Fe(II) solution to avoid iron precipitation. The mixtures were agitated in an incubator shaker at 100 rpm and temperature of 28 ± 0.5 °C. After contact time at 2, 5, 12, 24, 36, 48, 72, 84, 96, 108, 120, 132, 144, and 156 h, the mixture was passed through a 0.45 μm nylon membrane and the filtrate was analyzed for As(V) using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Perkin Elmer Optima 8000), and for Fe(II) and Mn(II) using an atomic absorption spectrometer (AAS, Shimadzu Europa AA-6300, Japan). All experiments were performed in duplicate. The amount of Fe, Mn, and As adsorbed onto the adsorbent, q (mg g−1), was calculated using Equation (1):


qt = [(C0 − (Ct − Cc)) · V]/m



(1)




where C0 is the initial concentration of heavy metal ion (mg L−1), Ct is the concentration of heavy metal ions at time t (mg L−1), Cc is the concentration of heavy metal ions released by adsorbent into simulated water solution for the same condition of heavy metal ions adsorption at time t (mg L−1), V is the volume of solution (L), and m is the mass of adsorbent (g).




2.4. Isotherm Study


The batch adsorption experiments consisted of single and tri-heavy metals solutions for determining the adsorption capacities of each biochar type. Adsorption studies were performed in 100 mL bottles shaken in an incubator shaker at 100 rpm and temperature of 28 ± 0.5 °C until reaching equilibrium.



For single heavy metal isotherm experiments, a biochar dosage of 0.5 g was contacted with 50 mL simulate water solution containing different concentration of As(V) 0.01–0.10 mg L−1 or Fe(II) 1.00–10.00 mg L−1 or Mn(II) 1.00–18.00 mg L−1. The pH of the solution was adjusted to 7.00 ± 0.50, except it was 4.40 ± 0.50 for Fe(II) adsorption. In the case of the trinary heavy metal system, different masses of biochars (0.2–1.0 g) were contacted with fixed concentrations of 0.02 mg L−1 As(V), 7.0 mg L−1 Fe(II), and 1.0 mg L−1 Mn(II) in 50 mL simulated water solution. The initial and final equilibrium concentrations were measured for each heavy metal and used for the construction of isotherm curves. The pH of the solution at equilibrium (pHE) was also measured.



Two adsorption models, Freundlich and Langmuir, were used to fit the experimental data. The Freundlich model is an empirical model suitable for nonideal adsorption on heterogeneous surfaces as expressed in Equation (2).


qe = KFCe1/n, (0 < 1/n < 1)



(2)




where qe is the amount of heavy metal adsorbed at equilibrium (mg g−1), Ce is the heavy metal concentration at equilibrium (mg L−1), KF is the Freundlich constant related to maximum adsorption capacity ((mg g−1)(L mg−1)1/n), and 1/n is the Freundlich constant relate to the intensity (dimensionless).



The Langmuir adsorption model has been used to describe the uniform energies of adsorption onto the surface and no transmigration of adsorbate in the plane of the surface. The Langmuir model is given by Equation (3).


      C   e       q   e     =   1     K   L     q   m     +     C   e       q   m      



(3)




qm defines the maximum amount of heavy metal per unit weight of adsorbent to form a complete monolayer coverage on the surface (mg g−1), and KL is the Langmuir constant (L mg−1).




2.5. Fractionation Analysis


The distribution pattern of heavy metals bound on the specific functional groups of selected biochars was investigated by using biochar before and after being loaded with trinary heavy metal solution (biochar dosage 1% w v−1). Two grams of biochar were sequential extracted into 6 fractions: F1 Water soluble (Soluble); F2 Exchangeable (Exch); F3 Bound to carbonate (CO3); F4 Bound to Fe/Mn oxides (Fe/MnO); F5 Bound to organic matter and sulfide (Org/S); and F6 Residual. The extraction method was adapted from Kashem et al. [29] as shown in Table 2. All extracts were centrifuged for 10 min at 3000 rpm to separate the residue and supernatant. The supernatant was filtered and adjusted to pH < 2 for analysis of As(V), Fe(II), and Mn(II).



The percentage of a heavy metal in each fraction (Fi) was calculated following Equation (4)


  % F r a c t i o n ( i ) =   100 × F i   ( F 1 + F 2 + F 3 + F 4 + F 5 + F 6 )    



(4)









3. Results


3.1. Biochar Characteristics


Table 3 shows the chemical and physical properties of each biochar. Results from XRF revealed that there were Fe and Mn in all bamboo-derived biochars and activated carbon, but arsenic was not detected. The highest content of metal from XRF analysis of B and AC was potassium (K). Chongtham et al. [30] reported that potassium was the main metal in bamboo shoot ranging from 41.90–66.60% whereas Fe and Mn were in the range from 0.047–0.10% and 0.012–0.097%, respectively. The oxides of calcium (Ca) and K could be hydrated to Ca(OH)2 and KOH, respectively, and produce alkaline solutions. The pHDI of AC was higher than B because it contains more base cations. Impregnation of chitosan and iron changed the elemental composition and decreased pHDI. BC was prepared by coating chitosan on B, for which chitosan was dissolved in acetic acid solution. Thus, metals in B were released particularly for easily soluble metal such as potassium, resulting in higher relative contents of other metal contents than B. In addition, the percentages of Fe, Ca, silica (Si), magnesium (Mg), and phosphorus (P) were increased. Fe and chloride (Cl) contents were high in BFe because of the impregnation by FeCl3. The pHDI of BFe was lowest compared to the other adsorbents as the hydrolysis of Fe3+ formed FeOH2+ and released hydrogen ions (H+). BC and BFe had pHDI lower than pHpzc, hence their surfaces exhibited a net positive charge. BET surface area (SBET) and pore volume (Vp) of BC and BFe were lower than B indicating that impregnation was achieved. However, pore diameters (Dp) of BC and BFe were closed to the original biochar (B). Iodine number measures the elementary iodine (I2) which has a statistical radius of 2.46 Å [31]. Ferric chloride was used for impregnation and the Fe3+ with a radius of 0.65 Å [32] could fill up the micropores. The Dp of AC was less than B according to the pyrolysis temperature of AC was 1000 °C higher than those of B. Sahool et al. [33] reported the evolution of micropores in the biochar leads to a decrease in pore diameter at high pyrolysis temperature. This result agrees with the remarkably high iodine number of AC indicating its microporous structure.



The SEM images of biochar samples confirmed the high porosity of biochar with longitudinal pores originating from the vascular bundles of bamboo, whereas AC showed cracked surfaces (Figure 1). Chitosan was mostly impregnated on the surfaces, whereas iron was impregnated in the mesopores and micropores of biochar. AC had irregular surfaces and porous structure. In addition, there were some particles on the surfaces. Result from EDS revealed that carbon (C) content was high in B, BC, and AC, ranging from 76.24 to 88.51%, followed by oxygen (O), ranging from 7.84 to 25.37%. After chitosan impregnation of biochar, the lower percentage of carbon content and higher oxygen content suggested the presence of chitosan on the BC surface. As for BFe, the C and O contents were 33.46% and 25.37%, respectively. The O/C ratio of BFe was highest at 0.76, followed by BC, B, and AC, at 0.16, 0.08, and 0.09, respectively, indicating the increased oxygen functional groups on BFe surfaces. The low O/C ratio of B and AC was due to the loss in oxygen functional groups such as hydroxy, carboxyl, and carbonyl groups in the thermo-conversion process. At pyrolysis temperature of 300–400 °C, cellulose and hemicellulose are decomposed and lignin is decomposed above 400 °C [34]. However, Mn was found at the outer surfaces of BC and BFe at 6.08% and 2.39%, respectively. This is due to the acid solution of BC and BFe which enhanced Mn mobility allowing its transport from the inner layers to outer surfaces. The stability of biochar can be estimated from the O/C ratio and the O/C of BFe was greater than 0.6, indicating a half-life of less than 100 years whereas the O/C of the rest of the biochars were less than 0.2 implying a half-life of more than 1000 years [35].




3.2. Adsorption Equilibration Time


Adsorption equilibration times of As and Fe in the single heavy metal system were faster than in the trinary system because heavy metal ions in the trinary system competed for the same active sites of biochar. BC and BFe reached equilibrium for As adsorption in the single heavy metal system at 5 and 2 h, respectively, which was faster than B and AC that reached equilibrium at 12 h (Figure 2a). Dissolved As(V) is negatively charged at neutral pH so it reacted with the positively charged surfaces of BC and BFe. Likewise, Fe (II) adsorption also reached equilibrium within 3 h for B and AC because of the opposite charge of adsorbent and adsorbate (Figure 2b). It took 12 and 48 h for BC and BFe, respectively, to reach Fe adsorption equilibrium in the single heavy metal system. Adsorption of Mn(II) required more time than As and Fe adsorption in the range of 72–108 h. In addition, the equilibration times of Mn adsorption in the single system were the same as in the trinary system (Figure 2c).




3.3. Single Heavy Metal Solution Adsorption


Freundlich and Langmuir adsorption isotherms are widely used to explain the adsorption on heterogeneous and homogeneous of adsorbent surfaces, respectively. The corresponding parameters, correlation coefficients (R2), and pHE are listed in Table 4. The R2 values calculated for each model indicated that the adsorption data by B and BC were more suitable described by the Langmuir model than by the Freundlich model. The Langmuir model also provided the best fit for Mn adsorption by BFe, and for As and Fe adsorption by AC. In addition, kinetic studies from previous work also revealed that the adsorption of As(V), Fe(II), and Mn (II) by all adsorbents were following pseudo-second order kinetics. This indicates that adsorption could be achieved via chemical processes [36]. The qm from the Langmuir model revealed that chitosan impregnation enhanced all heavy metals adsorption, whereas iron impregnation enhanced only As adsorption. The highest As adsorption was 0.019 mg g−1 by BFe, and the highest Fe and Mn adsorption were 303.03 and 5.2029 mg g−1 by BC. BFe and BC significantly removed As and Fe, respectively. It shows that qm values of BFe to remove As were higher than qm values of B, BC and AC of 3.36, 2.03 and 10.83 times, respectively. The qm values of BC were higher than qm values of B, BFe, and AC of 1.76, 7.12, and 22.70 times for removal of Fe, respectively. Other work on iron-modified biochar reported high qm for As(V) adsorption of 0.926 mg g−1 by palm leave biochar [37] and 0.19 mg g−1 by parsley leaf biochar [38]; however, those As(V) concentrations were higher in the ranges pf 0.5–30 mg L−1 and 0.05–2.00 mg g−1, respectively, compared to the present study of 0.01–0.1 mg L−1.



BC gave high adsorption capacities because chitosan has free amino and hydroxyl groups for interaction with negative and positive charges of heavy metals, respectively. The pKa of the amino group in chitosan ranges from 6.2–7.0 [39]. Hence, at a solution pH below 6.2 the amino group is protonated. Reportedly, the extent of protonation is 9, 50, 91, and 99 % at pH 7.3, 6.3, 5.3, and 4.3, respectively [40]. The pH of solution also affects the adsorbent surfaces and the specification of heavy metals. The speciation of As at different pHs is shown in Equations (5)–(7) [41].


H3AsO4 ⇆ H+ + H2AsO4− pK1 = 2.3



(5)






H2AsO4− ⇆ H+ + HAsO42− pK2 = 6.8



(6)






HAsO42− ⇆ H+ + AsO43− pK3 = 11.6



(7)







The adsorption experiments for As adsorption were performed at the initial pH of 7.00 ± 0.50. Use of BC as adsorbent could decrease the pH values and the pHE for As adsorption were in the range of 5.00–5.33. Thus, the main speciation of As was H2AsO4−, whilst the amino and hydroxyl groups of BC were protonated. These protonated groups at acidic pH result in electrostatic attractions with negatively charge arsenate species. At the solution pH below pHpzc, anions favor to adsorb on the adsorbent surfaces. The pHpzc values of B and AC were 7.63 and 8.34, respectively, enabling adsorption of HAsO4− species. As for BFe, the main mechanisms for arsenate removal were the surface complexation with iron oxyhydroxide and partial inclusion into the crystalline iron oxides [20,28].



The initial pH for Fe adsorption is 4.40 ± 0.50, which is lower than pHpzc of B, BC, and AC, indicating these adsorbents exhibit positive charge. Thus, the repulsion of Fe2+ could occur. BFe exhibits negative charge resulting in electrostatic attraction. However, the pH values were increased after contacting with adsorbents. This was due to the release of base cations and hydroxide ions from adsorbents into solution. The pHE values of B and AC were alkaline (8.00–8.99), whereas the pHE values of BC and BFe ranged from 6.13–6.37. In the agitation during adsorption experiments, Fe2+ could be oxidized to Fe(OH)3. Hove et al. [41] expressed that the oxidation rate at pH 9.0 was higher than at pH 6.0. The results agree with the study of contact time showing B and AC reached equilibration times faster than BC and BFe.



Adsorption of Mn was performed at neutral pH; thus, the main species was Mn2+. The pHpzc values of all adsorbents were lower than pHE indicating favorable conditions to adsorb Mn2+. The formation of manganese oxide (MnO2) from aeration at pH below 9.0 is a slow process and may not be achieved [42]. Because of this, Mn is hardly removed via adsorption.



It should be noted that R2 values of the Freundlich model were closed to those of the Langmuir model, therefore, heavy metals possibly adsorbed in the inner pores. The radius of H2AsO4−, Fe2+ and Mn2+ are 2.27, 0.77, and 0.83 Å [32], respectively which are smaller than pore diameters of the adsorbents. In addition, multilayer adsorption such as surface complexation may have occurred as the simulated groundwater contains cations and anions.



The pHE values of BC were lower than 6.0 for As and Mn adsorption which was outside the allowable range of pH 6.5–9.2 of drinking water standards in Thailand [43]. Thus, it may not be suitable for groundwater treatment as low pH could corrode and induce the release of other ions from the adsorbent. Hence, B, BFe, and AC were selected for the trinary adsorption experiments.




3.4. Trinary Heavy Metal Solution Adsorption


Arsenic was completely removed from the trinary heavy metal system by adsorption; therefore, the data could not be fitted by the adsorption models. Saikia et al. [44] also reported that iron oxide coated sand and other adsorbents removed As(III) 100 % from water at concentration ranges 0.6–1.0 mg L−1 in the presence of Fe(II) and Mn(II). The initial pH of solution was 7.00 ± 0.50. After being agitated, Fe2+ was oxidized to Fe3+ and then it could react with As(V) to ferric arsenate (i.e., FeAsO4). Table 5 shows that the Langmuir model provides the best fit for Fe and Mn adsorption by B and BFe, and for Fe adsorption by AC.



The qm values show that adsorption of Fe and Mn is in the order of BFe > AC > B. The qm values from trinary heavy metal adsorption experiments were less than qm values from single heavy metal adsorption, except for Mn adsorption by BFe. The pHE values of BFe were far higher than pHpzc (3.61), because of the negative charge of BFe surfaces. AC had higher adsorption than B because its porous structure enabled adsorption of heavy metals in the inner pores. In addition, Mn can be oxidized to MnO2 at pH 9. To examine the main functional groups for heavy metal adsorption, the FTIR spectra of virgin and loaded B, BFe, and AC were compared in Figure 3.



The spectral bands obtained at 3200–3600 cm−1 were attributed to the O-H stretching vibration of alcohols [45]. The band ranges 1550–1640 cm−1 were denoted as N-H stretching vibration of amides [45], and ranges 1400–1450 cm−1 was the C-H bending vibration of alkanes [45]. The spectral bands at 1000–1300 cm−1 were attributed C-O stretching vibration of ethers. The peaks of virgin adsorbents were similar to the peaks of loaded adsorbents, but the peak intensities of loaded B and AC were smaller than those of virgin B and AC, especially for the O-H group. This indicates the binding of Fe(II) and Mn(II) by this group. Virgin and loaded BFe were found to have additional peaks at 582 and 597 cm−1, respectively, which represented the Fe-O bond from iron impregnation [46]. The intensity of characteristic bands of AC was low comparing to the bands of B and BFe because the high pyrolysis temperature (1000 °C) for AC preparation could degrade cellulose, hemicellulose, and lignin. The presence of O-H, N-H and C-O functional groups confirms their availability for adsorption via different mechanisms.




3.5. Fraction of Heavy Metal Adsorption onto Bamboo Biochar and Activated Carbon


Table 6 presents the distribution pattern of As, Fe, and Mn in virgin and loaded B and AC. As was not found in virgin B, but small amounts were found in F1 and F4 of virgin AC. After loading with mixed heavy metals, As contents were found in F1. Fe was found in all fractions, except in F3 in both virgin B and AC, and was predominantly in F6 for virgin B at 76.2%, and in virgin AC at 47.6%. Fe in the soluble fraction may have reacted with As and precipitated from the solution, thus As was found in the soluble form after being loaded onto the adsorbents. Fe content was decreased after adsorption indicating Fe also reacted with other anionic ions such as sulfate ions. The main fraction of Fe after adsorption was in F5 for B and in F6 for AC. Mn fractions in virgin B and AC were in the following order: F6 > F4 > F5~F2 > F1. It previously reported that the highest Mn fraction was found in the residual fraction (F6) in goat manure biochar and bound to organic matter (F5) in swine manure biochar [47]. Once B and AC were loaded with heavy metals, the metals were mainly found in the fractions F4 and F3. Since F1, F2, and F3 are weakly binding, it was found that Mn is more present in mobile fractions than Fe. The mobile fractions of Mn after being adsorbed were 44.15 and 41.03% for B and AC, respectively.





4. Discussion


Bamboo biochar can replace commercial activated carbon for heavy metal removal from groundwater. Bamboo biochar and activated carbon had the same functional groups of O-H, N-H, C-H and C-O. The pH of solution and heavy metal speciation influenced the adsorption of As(V), Fe(II), and Mn(II) both in single and trinary heavy metal systems. The pH values of treated water after heavy metal adsorption by bamboo biochar were in the range suitable for drinking water production, whereas AC produced alkaline water, and BC and BFe produced acidic water. However, the maximum adsorption of As(V), Fe(II), and Mn(II) were improved for the chitosan or iron impregnated biochars. BC and BFe can thus be used for removal of As, Fe, and Mn contamination in groundwater, but pH needs readjustment to the acceptable values for drinking water. In addition, treated water should be analyzed for other heavy metals which may be released from biochar. Further work should scrutinize the chemicals used for impregnation and the release of other heavy metals after adsorption. BC and BFe may also be suitable for removal of high concentration of heavy metals such as from mining wastewater.
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Figure 1. SEM-EDS images of bamboo-derived biochars. (a) B (b) BC (c) BFe (d) AC. 
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Figure 2. Equilibration time of (a) As(V), (b) Fe(II), and (c) Mn(II) adsorption in single and trinary heavy metal systems by different biochars and activated carbon. 
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Figure 3. Infrared spectra of virgin and loaded B, BFe, and AC. 
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Table 1. Background ions in simulated groundwater solution.
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	Ions
	Na+
	NH4+
	K+
	Ca2+
	Mg2+
	Cl−
	NO3−
	SO42−
	PO43−





	(mg L−1)
	11.95
	0.03
	4.66
	57.05
	9.52
	12.75
	4.03
	34.89
	ND







Note: ND = not detectable.
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Table 2. Sequential extraction procedures.
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	Fraction
	Extractants
	Extraction Conditions





	F1 Soluble
	20 mL of deionized water
	Shaking at room temperature for 1 h



	F2 Exch
	20 mL of 1 M NH4OAc, pH 7
	Shaking at room temperature for 2 h



	F3 CO3
	20 mL of 1 M NH4OAc, pH 5
	Shaking at room temperature for 2 h



	F4 Fe/MnO
	20 mL of 0.04 M NH2OH.HCl in 25% acetic acid (v v−1), pH 3
	Placing in the water bath at 80 °C for 6 h



	F5 Org/S
	15 mL of 30% H2O2 (v v−1),

after being cooled add 5 mL of 3.2 M NH4OAc in 20% HNO3 (v v−1)
	Placing in the water bath at 80 °C for 5.5 h Shaking at room temperature for 0.5 h



	F6 Residual
	20 mL of 7 M HNO3
	Placing in the water bath at 80 °C for 6 h
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Table 3. Chemical and physical characteristics of bamboo-derived biochar.
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Metal Composition (%)

	
SBET

	
Vp

	
Dp

	
pHDI

	
pHpzc

	
Iodine Number (mg g−1)




	
Mn

	
Fe

	
Ca

	
Si

	
S

	
P

	
Cl

	
Mg

	
As

	
K

	
(m2 g−1)

	
(cm3 g−1)

	
(Å)






	
B

	
0.70

	
0.32

	
7.78

	
7.93

	
2.87

	
7.06

	
5.62

	
2.69

	
ND

	
64.5

	
191.9

	
0.10

	
21.64

	
8.66

	
7.63

	
75.30




	
BC

	
1.68

	
0.82

	
13.7

	
14.5

	
6.44

	
10.9

	
ND

	
3.41

	
ND

	
47.7

	
66.6

	
0.04

	
21.96

	
4.31

	
4.56

	
72.09




	
BFe

	
0.59

	
19.6

	
3.17

	
25.9

	
3.08

	
6.04

	
24.3

	
1.39

	
ND

	
13.2

	
127.7

	
0.07

	
22.06

	
2.59

	
3.61

	
45.54




	
AC

	
0.88

	
2.21

	
9.77

	
9.62

	
1.04

	
2.41

	
4.44

	
3.60

	
ND

	
65.7

	
136.0

	
0.11

	
19.52

	
9.35

	
8.34

	
267.38
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Table 4. Isotherm parameters and correlation coefficients for As, Fe, and Mn adsorption in the single heavy metal system.
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Adsorbent

	
Heavy

	
Freundlich

	
Langmuir

	
pHE




	

	
Metal

	
KF

(mg g−1) (L mg−1)1/n)

	
1/n

	
R2

	
qm

(mg g−1)

	
KL

(L mg−1)

	
R2






	

	
As (V)

	
0.0044

	
0.8435

	
0.9215

	
0.0058

	
0.7986

	
0.9630

	
7.98–8.78




	
B

	
Fe(II)

	
353.25

	
0.9353

	
0.9450

	
172.41

	
0.3621

	
0.9482

	
8.00–8.33




	

	
Mn (II)

	
1.1410

	
0.7727

	
0.9911

	
5.0226

	
3.3451

	
0.9914

	
8.19–8.59




	

	
As (V)

	
0.0594

	
0.7384

	
0.8924

	
0.0096

	
0.0334

	
0.9162

	
5.00–5.33




	
BC

	
Fe(II)

	
274.21

	
0.9513

	
0.9959

	
303.03

	
0.9091

	
0.9966

	
6.13–6.34




	

	
Mn (II)

	
0.0260

	
1.0336

	
0.9230

	
5.2029

	
181.92

	
0.9914

	
4.96–5.94




	

	
As (V)

	
0.1018

	
0.5052

	
0.9050

	
0.0195

	
0.0087

	
0.8639

	
6.05–6.98




	
BFe

	
Fe(II)

	
97.55

	
0.8309

	
0.7684

	
42.55

	
0.2128

	
0.8971

	
6.33–6.37




	

	
Mn (II)

	
0.0515

	
0.7436

	
0.9449

	
0.2170

	
2.6296

	
0.8137

	
5.03–6.96




	

	
As (V)

	
0.0038

	
0.6713

	
0.8499

	
0.0018

	
0.1268

	
0.8889

	
9.32–9.50




	
AC

	
Fe(II)

	
25.23

	
0.2672

	
0.8541

	
13.35

	
0.0080

	
0.8153

	
8.95–8.99




	

	
Mn (II)

	
2.5796

	
0.3375

	
0.9222

	
4.8355

	
0.4265

	
0.9317

	
8.89–9.24
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Table 5. Isotherm parameters and correlation coefficients for Fe and Mn adsorption in trinary system.
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Adsorbent

	
Heavy

	
Freundlich

	
Langmuir

	
pHE




	
Metal

	
KF

(mg g−1) (L mg−1)1/n)

	
1/n

(L g−1)

	
R2

	
qm (mg/g−1)

	
KL

(L mg−1)

	
R2

	






	
B

	
Fe(II)

	
2.6710

	
0.6808

	
0.8022

	
2.2568

	
0.3056

	
0.8360

	
6.82–8.44




	
Mn(II)

	
0.2559

	
0.6979

	
0.9020

	
0.6393

	
1.5398

	
0.9155




	
Bfe

	
Fe(II)

	
36.874

	
0.7530

	
0.8686

	
26.1780

	
0.3010

	
0.9008

	
5.58–6.80




	
Mn(II)

	
0.2715

	
0.8946

	
0.8388

	
3.6643

	
12.342

	
0.8732




	
AC

	
Fe(II)

	
3.6370

	
0.8387

	
0.8632

	
3.1756

	
0.5062

	
0.8868

	
6.80–9.47




	
Mn(II)

	
0.2142

	
0.8680

	
0.9031

	
1.3541

	
5.3369

	
0.8823
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Table 6. Comparison of As, Fe, and Mn contents in each fraction of virgin and loaded B and AC.
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Adsorbents

	
Fractions (mg kg−1)

	




	
Metal

	

	

	
F1 Soluble

	
F2 Exch

	
F3 CO3

	
F4 Fe/MnO

	
F5 Org/S

	
F6 Residual

	
Total






	

	
B

	
Virgin

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
As

	

	
Loaded

	
0.02 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.02 ± 0.00




	

	
AC

	
Virgin

	
0.04 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.04 ± 0.00




	

	

	
Loaded

	
0.01 ± 0.01

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.01 ± 0.01




	

	
B

	
Virgin

	
0.23 ± 0.01

	
1.20 ± 0.42

	
0.00 ± 0.00

	
2.03 ± 0.95

	
9.45 ± 3.45

	
41.47 ± 3.99

	
54.40 ± 3.99




	
Fe

	

	
Loaded

	
0.41 ± 0.19

	
1.36 ± 0.26

	
2.44 ± 0.30

	
9.35 ± 0.13

	
14.75 ± 2.73

	
7.98 ± 2.18

	
36.29 ± 2.73




	

	
AC

	
Virgin

	
0.20 ± 0.06

	
0.34 ± 0.16

	
0.00 ± 0.00

	
94.64 ± 7.41

	
9.61 ± 1.65

	
95.21 ± 18.16

	
200.01 ± 18.16




	

	

	
Loaded

	
0.41 ± 0.06

	
0.77 ± 0.00

	
0.62 ± 0.23

	
54.46 ± 4.07

	
3.97 ± 1.44

	
72.73 ±12.32

	
132.96 ± 12.32




	

	
B

	
Virgin

	
0.67 ± 0.02

	
3.55 ± 0.28

	
8.32 ± 0.06

	
11.84 ± 3.79

	
9.15 ± 0.37

	
14.00 ± 1.69

	
47.53 ± 3.79




	
Mn

	

	
Loaded

	
0.34 ± 0.04

	
15.83 ± 1.36

	
22.91 ± 0.88

	
24.24 ± 0.04

	
12.57 ± 0.64

	
12.64 ± 0.24

	
88.54 ± 1.36




	

	
AC

	
Virgin

	
0.00 ± 0.00

	
0.14 ± 0.09

	
0.72 ± 0.01

	
2.22 ± 0.20

	
0.91 ± 0.14

	
2.98 ± 0.39

	
6.97 ± 0.39




	

	

	
Loaded

	
0.00 ± 0.00

	
1.88 ± 0.36

	
3.82 ± 0.29

	
4.65 ± 0.48

	
1.30 ± 0.09

	
2.26 ± 0.25

	
13.92 ± 0.36
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