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Abstract

:

Arsenic (As), the silent poison, is a widespread environmental pollutant which finds its way into drinking water supplies from natural or man-made sources and affects over 200 million people worldwide, including in Pakistan. It has been demonstrated that As causes serious health complications as well as social and economic losses. A quick, cost-effective, and simple method for efficiently filtering As from drinking water is urgently needed. The present study evaluates the ability of chemical treatment solutions to activate the sorption capacity of biochar derived from cotton stalks. The surface characteristics of CSB (cotton stalk biochar), HN-CSB (treated with nitric acid: HNO3), and Na-CSB (treated with sodium hydroxide: NaOH) were investigated for their As sorption capacities and efficiency in removing As from contaminated drinking water. The chemical modification of biochar significantly increased the surface area and pore volume of CSB, with a maximum observed in HN-CSB (three times higher than CSB). Fourier-transform infrared spectroscopy (FTIR) analysis revealed several functional groups (OH−, −COOH, C=O, N-H) on CSB, though the chemical modification of biochar creates new functional groups on its surface. Results showed that the maximum sorption capacity of CSB was (q = 90 µg g−1), of Na-CSB was (q = 124 µg g−1) and of HN-CSB was (q = 140 µg g−1) at an initial As concentration of 200 µg L−1, an adsorbent dose of 1 g L−1, with 4 h of contact time, a pH of 6 and a temperature of 25 ʰC. However, As removal was found to be 45–88% for CSB, 62–94% for Na-CSB and 67–95% for HN-CSB across all As concentrations. An isotherm model showed that As sorption results were best fitted to the Langmuir isotherm model in the case of CSB (Qmax = 103 µg g−1, R2 = 0.993), Na-CSB (Qmax = 151 µg g−1, R2 = 0.991), and HN-CSB (Qmax = 157 µg g−1, R2 = 0.949). The development of the largest surface area, a porous structure, and new functional groups on the surface of HN-CSB proved to be an effective treatment for As removal from contaminated drinking water. Both HN-CSB and Na-CSB are clearly cost-effective adsorbents under laboratory conditions, but HN-CSB is cheaper and more efficient in As removal than Na-CSB, allowing it to be used as a powerful and promising adsorbent for the removal of pollutants like Arsenic from aqueous solution.
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1. Introduction


Heavy metal(loid)s are highly persistent are resistant to biological degradation, and accumulate in the fatty tissues, causing serious health problems [1,2,3,4]. Arsenic (As) is one of these highly toxic and carcinogenic metalloids [5,6]. Over the last decade, it has gained considerable attention due to the high concentration of As in drinking water, which has been documented globally [6,7,8,9]. Recent reports have highlighted the emergence of arsenic poisoning in the residents of Argentina, Mexico, Chile, and Taiwan [3,10]. More than 105 countries worldwide have As contamination in ground water [2]. Ground water contamination with As has been reported in Taiwan, China, New Zeeland, India, Bangladesh, Canada, Poland, North Mexico, Hungry, Vietnam, Japan, the United States of America, Chile, Minnesota, Nepal, Spain, Pakistan, and Argentina [10,11,12]. Before the start of the 20th century, India, Bangladesh, China, and Pakistan were among the major regions of Asia with As contamination in ground water. More than 100 million people in these countries are at risk due to the use of water with As concentrations above the threshold limit [13]. Recently, studies and several news channels have drawn attention to the predicament of As contamination in groundwater above the threshold level in Pakistan [14,15], where residents using As-polluted water for drinking and domestic purposes are at a high risk of health problems. Microorganisms and different toxic compounds are the main factors behind surface and groundwater pollution in Pakistan [16]. Natural disasters, coupled with mismanagement and poor living conditions, often contaminate drinking water [17]. According to the latest survey and media reports, about 60 million people are at severe health risk in Pakistan due to use of As-contaminated water [14,15]. As a result, 20–40% of beds in Pakistani hospitals are occupied by patients suffering from waterborne diseases including cholera, diarrhea, dysentery, hepatitis, typhoid, etc. The poor quality of drinking water in Pakistan accounts for 40% of deaths and 50% of diseases [18,19]. Recently, water samples collected from the district Vehari showed that 95% of underground water is unfit for drinking [2,20].



Drinking water is a foremost source of As intake for humans [3,7]. Long-term As exposure causes several diseases and disorders, such as hyperkeratosis, circulatory disorders, bladder cancer, brain cancer, skin lesions and cancers, and cancer of the internal organs, even at very low concentration [8,9,21,22,23]. Studies have revealed that around 200 million people worldwide are exposed to different compounds of arsenic in drinking water at concentrations above the threshold limit of 10 μg L−1 set by the WHO, the United States Environmental Protection Agency (USEPA), and the Food and Drug Administration (FDA) [3,5,14,23]. Considering the toxicity of As and the hazardous impact on human health, it is imperative to design techniques suitable for As treatment of drinking water. Arsenic exists in As−3, As0, As+3, and As +5 oxidation states [24], but approximately 90% of the total arsenic generally found in water is arenite (As+3) and arsenate (As+5) [7]. The efficiency of arsenic removal depends on the forms of arsenic present, as well as the nature of the water body, pH, temperature, contact time, concentration of metal ions, and the characteristics of the adsorbent [7,8,22,25].



Different techniques and methods have been used for the treatment of As in drinking and waste water, including coagulation-flocculation, oxidation, filtration, ion-exchange, membrane technologies, and adsorption [21]. Among the different conventional As removal techniques, the biosorption technique is efficient, eco-friendly, and cost effective [5,21,23,26]. Several adsorbent materials have been used in the past, such as activated carbon, synthetic resins alumina/silica oxide hydrate, red mud, dry plants, manganese oxide, laterite, fly ash, compost, granular ferric oxide, iron oxy-hydroxide, sand, zero-valent aluminum, zero-valent iron, etc. [2,21,27]



Over the last decade, researchers have tried to find low-cost and efficient naturally occurring adsorbents for the removal of arsenic from water [22]. Biochar has been extensively studied during the last decade as a soil amendment to improve soil fertility [28,29,30,31], but recently, it has been applied to water [32,33]. Biochar is a carbon-rich solid material produced through the burning of organic matter in a closed container with little or no air [31,34,35]. The physio-chemical properties of biochar, such as its three-dimensional reticulated and porous structure [36], might serve as a long-term carbon storage solution, while also adsorbing and decomposing contaminants [37]. Biochar may be made from a range of carbonaceous feedstocks, the majority of which are considered organic wastes; hence, it indirectly supports waste management [38]. Biochar has been used in water and soil treatment as a low-cost material alternative to activated carbon for removing a variety of contaminants, such as volatile organic compounds, heavy metal ions, pesticides, pharmaceuticals, dyes, and polycyclic aromatic hydrocarbons, due to its cost-effective production and feasibility in a wide range of pollutants [39,40]. For low-cost and efficient treatment of As, biochar has gained substantial attention and has been studied extensively with regard to the treatment of As in soil and water [23,32,33]. Biochar is usually neutral to alkaline in nature, but acidic natures have also been reported. The feedstock type and production process (temperature, residence time) primarily have an effect on pH and the other properties of biochar, which have direct or indirect effects on the efficiency of metal(loid) removal [2].



In this study, cotton stalk was selected for biochar production because it is a low-cost adsorbent and is easily available. It contains cellulose, lignin, floristic fiber, and various functional groups that can adsorb heavy metal ions in aqueous solution [41]. Moreover, biochar prepared from cotton stalk has efficiently been applied to remove phosphate ion from water [42]. The researcher focused on the modification of the CSB surface and the production process to improve the efficiency of metal(loid) removal. Chemical modifications of biochar are frequently employed via reagents such as potassium hydroxide (KOH) [43,44], potassium permanganate (KMnO4) [45], citric acid (CA) [46], and zinc chloride (ZnCl2) [47]. Such biochar modifications offer more significant improvements to its physicochemical properties, such as specific surface area, pore size, molecular weight, cation exchange capacity (CEC), amount, and the type of functional groups [48,49].



Biochar adsorption has been a popular research field in recent years. Recently, it has been reported that chemical modification of CSB has increased the removal efficiency of metal ions (Pb+2, Cd+2, Ni+2, PO₄3−) from aqueous solution [42,43], but as far as we know, no studies have reported on the use of treated and untreated CSB to remove arsenate (AsV) and arsenite (AsIII) from drinking water, especially using the modification method or assessing the factors affecting the arsenic removal efficiency. The arsenate is a structural analog of phosphate ion; therefore, cotton stalk biochar (CSB) could be an efficient adsorbent material for As removal from water. As such, we hypothesized that the chemical modification of CSB surface using sodium hydroxide (NaOH) and nitric acid (HNO3) might improve arsenic removal from drinking water. Thus, the aims of the present study are: (1) to characterize treated and untreated CSB using FTIR, SEM, and BET techniques, (2) to investigate the potential of treated and untreated CSB to be used for arsenic removal from contaminated drinking water, and (3) to explore the mechanisms behind arsenic removal using treated and untreated CSB. Moreover, the cost associated with the production of activated CSB was assessed to indicate its economic viability.




2. Materials and Method


A series of batch experiments were conducted in the Laboratory of COMSATS University Islamabad, Vehari Campus in order to evaluate the removal and adsorption efficiency of As using activated/non–activated cotton stalk biochar. An overview of the research methodology is presented in (Figure 1).



2.1. Preparation of Biochar


Cotton stalks (CS) were used for the preparation of biochar. Cotton stalks were collected from a field near COMSATS University Islamabad, Vehari Campus, Pakistan. The obtained cotton stalk biomass was cut into small pieces using a machine. To remove dust and other impurities, the cotton stalks were washed with de-ionized water several times, and for to remove moisture, they were oven dried at 60 °C for 24 h. The dried cotton stalk material was pyrolyzed at a low temperature (400 °C) in a muffle furnace under anaerobic conditions. In the pyrolysis process, the temperature rate was set at 7 °C/min until the target temperature was achieved. After reaching the target temperature, the sample was kept in a furnace for 1 h. Next, the biochar was grinded and sieved to obtain a uniform particle size. The prepared biochar was removed and stored in airtight bags for further use.




2.2. Chemical Activation of Biochar with Acid (HNO3) and Base (NaOH)


The cotton stalk biochar (CSB) was soaked in either a 1 M HNO3 and 1 M NaOH (analytical grade, Sigma-Aldrich, Darmstadt, Germany) solution at a mass to volume ratio of 1.0:25.0 in a 250 mL conical flask on a mechanical shaker set to 150 rpm for 4 h. The suspension was filtered with Whatman filter paper and dried at room temperature for 72 h. Additionally, to remove moisture content, the filtrate was oven dried at 100 °C for 1 h [43]. The CSB modified with HNO3 and with NaOH were tagged as “HN-CSB” and “Na-CSB”, respectively, and stored in airtight jars for further use.




2.3. Point of Zero Charge


Point of zero charge (PZC) was measured using the salt addition method [50,51]. In the present study, a 0.1 M NaCl background solution was prepared to make solutions of various pH (2, 4, 6, 8, and 10) adjusted with 0.1 M HCl or 0.1 M NaOH solutions. To avoid the dilution effect, the total volume of acid and base solution added was less than 5% of the sample volume. About 25 mL of NaCl solution for each pH maintained was agitated with 0.1 g of CSB, Na-CSB, or HN-CSB in a 250 mL conical flask, at room temperature, and on a mechanical shaker set to 150 rpm for 24 h. The suspension was then filtered with a Whatman filter and the final pH of the filtrate was measured. The differences between the final and initial pH values were then plotted against initial pH values, with the point of intersection being called pHpzc.




2.4. Characterization of Activated and Non-Activated Biochar


To investigate the type of functional groups and surface characters of biochars (CSB, HN-CSB, and Na-CSB), FTIR, SEM, and BET techniques were used. Fourier-transform infrared spectroscopy (FTIR) spectra were conducted using an instrument made by Bruker, Germany (Model Vertex-70). Each sample was prepared for FTIR analysis by grinding and mixing 1 mg of the biochar with 200 mg of IR-grade KBr, and then each sample was pressed into a pellet using a hydraulic press. The FTIR spectrum of the pellet was recorded over a wavenumber range of 500 cm−1–4500 cm−1. SEM micrographs were obtained using a Jeol SEM (Model: JXA-840A, Tokyo, Japan) instrument. For this analysis, a solid sample homogeneously dispersed in pure ethanol was deposited on a Cu grid, previously covered with a thin layer of biochar. The working potential difference was maintained at 15 or 20 kV in a vacuum depending on the sample. The total pore volume and specific surface area of the CSB, HN-CSB, and Na-CSB were measured using the Brunauer–Emmett–Teller (BET, Tristar II 3020).




2.5. Preparation of As-Contaminated Water


Four water samples were artificially contaminated with various levels of As (50, 100, 150, and 200 µg L−1). For this purpose, a stock solution of 5000 µg L−1 As was prepared in the laboratory by dissolving sodium arsenite salt (NaAsO2, analytical grade, Sigma-Aldrich) in distilled water.




2.6. Batch Biosorption Experiments


Batch biosorption experiments were conducted to explore the effects adsorbents (CSB, HN-CSB, Na-CSB) on As removal and sorption under variable biosorbent biomass and initial As concentrations in water. The sorption of As was determined by adding different doses (1.0, 2.0, and 3.0 g per L) of each biosorbent (CSB, HN-CSB, Na-CSB) to each As concentration (50, 100, 150, 200 µg L−1). A solution’s pH (6.0 ± 0.1) was maintained by adding 0.1 M HCl or 0.1 M NaOH solution. The suspension was shaken on a mechanical shaker at 150 rpm for 2 h at room temperature (25 ± 1 °C). The samples were then removed and filtered with Whatman filter paper. A few drops of 6 M HNO3 were added to the samples, which were then stored at room temperature, prior to As analysis using Atomic Absorption Spectrophotometer (PinAAcle 900 series). As removal efficiency (%) and As sorption capacity (µg g−1) of the three biochars were calculated as illustrated elsewhere [52].


   As   Removal   Efficiency     ( % )  =  (      As  i  −   As  f      As  i     )  × 100    



(1)






   As   Sorption     (   µ g  / g  )  =  (      As  i  −   As  f     M  CSB      )  ×  V     



(2)




where Asi (µg L−1) and Asf (µg L−1) are the initial and final concentrations of As in a supernatant, V (L) is the volume of the As-containing solution, and MCSB (g) is the dry mass of the CSB adsorbent. The sorption capacity of As represented by Equation (2) was greatly influenced by adsorption type (multilayer, monolayer, chemical, or physical adsorption) [2].




2.7. Isotherm Modeling


Biochar offers the physical and electrostatic attachment of As to its surface [34]. At given temperature and pH, an isotherm is a curve to describe characteristics of adsorption at equilibrium [2]. There are several isotherm models available, but the most commonly used models for adsorption are the Langmuir and Freundlich isotherm adsorption models [2].




2.8. Langmuir Isotherm Model


The Langmuir model best represents the monolayer adsorption on the surface of an adsorbent [2,53]. All sides of a biochar have a uniform capability of holding adsorbate, and adsorption takes place on homogenous surface [53]. The Langmuir isotherm model is represented in Equation (3).


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



(3)




where KL (L3 M−1) is a constant of the Langmuir model, qmax is the maximum sorption capacity of As (µg g−1), and Ce is the concentration of As solution at equilibrium (µg g−1). The linear form of the Langmuir model (Equation (3)) is represented by the following expression:


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



(4)







Langmuir parameters KL and qmax were calculated from the intercept and slope of the linear plot of Ce versus      C e   q    by Equation (4)




2.9. Freundlich Isotherm Model


The Freundlich isotherm model best represents the relationship between reversible and non-ideal adsorption, not limited to monolayer formation. The Freundlich model can be very useful for multilayer adsorption, and when there is a non-uniform distribution of adsorption over the heterogeneous surface [2,53]. The Freundlich isotherm model is represented by following empirical relation:


  q =  K F   C e  1 / n      



(5)




where q (µg g−1) is the amount of adsorbed As at equilibrium, Ce is the concentration of As solution at equilibrium (µg L−1), KF is an indicator of adsorption capacity and called the Freundlich distribution coefficient, and n is an empirical parameter giving the adsorption intensity of the adsorbent material. A higher value of n indicates a higher proportion of adsorbate to adsorbent. The values of KF and n were calculated from the intercept and slope by plotting the linear form of the Freundlich Equation (5). The plot was plotted against log q and log Ce according to the linear form of the Freundlich isotherm model, represented by the following equation:


  log q = log  K F  +  1 n  log  C e     



(6)








2.10. Data Analysis and Cost Estimation


Microsoft Excel pack 10 was used to calculate the As sorption and removal efficiency of three types of biochar (CSB, HN-CSB, Na-CSB). The Langmuir and Freundlich models were applied in Excel to calculate model parameters and to determine linear and non-linear relations. MS Excel was also used to create graphs. A cost analysis was performed to examine whether the production process of the activation char is feasible or not. The cost of producing 1 kg of chemically activated biochar in US dollars (USD) was determined. The cost analysis considers cost-influencing factors such as raw material availability, collection, treatment conditions, pyrolysis, and activation. Cost analysis was carried out by following the methods of Viotti et al. [54] and Chakraborty et al. [55].





3. Results


3.1. Point of Zero Charge of CSB, HN-CSB, and Na-CSB Results


The addition of CSB, HN-CSB, and Na-CSB to a solution of NaCl at different pH levels had altered the initial pH of the solution. To identify the Point of Zero Charge (PZC), the difference in pH was plotted against initial pH values, where the PZC is the point of intersection (Figure 2). In the case of acid-treated biochar, ΔpH increased sharply at pH values of 2–6 and thereafter decreased as compared to initial pH values. For Na-CSB, the values of ΔpH increased in pH range 2–8, but decreased sharply at pH 10. The ΔpH values of CSB sharply increased at pH values 2–6, but decreased at pH values 8–10. The increase in ΔpH values showed the alkaline nature of all three biochars. The curves for NaCl and HN-CSB intersect at ≈6.9 (Figure 2a), NaCl and Na-CSB intersect at ≈8.4 (Figure 2b), and NaCl and CSB intersect at ≈7.6 (Figure 2c), hence pHpzc are neutral to alkaline, viz., 6.9, 7.6 and 8.4 for HN-CSB, CSB, and Na-CSB, respectively.




3.2. Chemical Characterization of Biosorbents


3.2.1. FTIR Analysis of CSB


The FTIR spectra of CSB before and after As loading showed a number of peaks which indicating the complex nature of biochar (Figure 3). To identify the different functional groups, the peak-by-peak correlation of untreated CSB before and after As loading were compared. Results revealed that CSB contains a number of different functional groups which allow great potential for As sorption. The FTIR spectra have proved the changes in surface properties and functional groups of biochar before and after As treatment. An absence in and shifting of some functional groups’ peaks have been observed after As loading. These changes were seen in the band present between 3500 and 3700 cm−1, which may lead to hydroxyl (O-H) stretching free of H-bonds. Peaks shifted slightly in the bands ranging from 3000 to 3100 cm−1, and 2840 to 2950 cm−1, which were assigned to =C-H stretching alkene and –C-H stretching alkane compounds, and may have led to an ion-exchange process. Peaks were observed around 1821 cm−1, which identified the carbonyl group (C=O) stretching in both spectra. Changes were seen around 1695 cm−1 which may be assigned to the aromatic (C=C) stretching group. The changes in peaks and absorbance difference observed between 1508 and 1498 cm−1 may be due to strong stretching nitro compounds (N-O). The peak observed at 1360 cm−1 is responsible for the nitro stretching group. The alcoholic (C-O) stretching functional group was found around 1150 cm−1. The peaks observed around 950 and 890 cm−1 denoted the alkene (C=C) bending functional group. The new peak developed at 808 cm−1, confirming the loading of As corresponding to C-H strong bending. The appearance and disappearance of peaks, shifting of peaks, reduction and enhancement of peaks, and changes in absorbance intensity might be due to As adsorption through different mechanisms, such as ion-exchange, precipitation, electrostatic attraction, and formation of complexes.




3.2.2. FTIR Analysis of Na-CSB


FTIR analyses were carried out to determine the functional groups present in Na-CSB before and after As loading (Figure 4). A very broad peak observed from 3200 to 3500 cm−1 indicated alcohol O-H stretching intermolecular H-bonds. The spectra in this region shifted the peak after the As loading with high intensity. The multiple vibration bands observed around 2900 cm−1 may be associated with C-H stretching in the spectra of Na-CSB before As loading, but after As loading, these multiple bands converted into a single peak with a slight shift in wave number at high intensity. Major changes seen in band ranging from 2250 to 2380 cm−1 denoted a strong carbon dioxide (O=C=O) stretching group. A sharp peak observed at 2350 cm−1 in the carbon dioxide stretching group in the spectra of Na-CSB completely vanished after As loading. A small and intense peak occurred after As loading at 1980 cm−1, which is missing before As sorption and may be assigned to medium alkene (C=C=C) stretching compounds.



A peak occurred at 1550 cm−1 in both spectra, denoting strong N-O stretching nitro compounds. A large reduction in peaks after As loading around 1350 cm−1 occurred due to the attraction of As ions with strong (S=O) stretching sulfone compounds. A small but sharp peak of C-O stretching strong secondary alcohol was observed around 1100 cm−1, which completely disappeared after As loading. The appearance and disappearance of peaks, shifting of peaks, reduction and enhancement of peaks, and changes in absorbance intensity might play significant role in As adsorption through different mechanisms such as ion-exchange, precipitation, electrostatic attraction, and formation of complexes.




3.2.3. FTIR Analysis of HN-CSB


To ensure the potential of acid-treated biochar (HN-CSB), FTIR spectra were analyzed before and after As loading (Figure 5). Major changes were observed in the form of reductions or enhancements in peaks, denoting functional groups, shifting in these peaks, and the appearance and disappearance of peaks after As loading. The production of multiple bands’ peaks around 3500 to 3700 cm−1 is clearly an indication of newly formed strong hydroxyl (O-H) stretching free of the H-bonding functional group, which was negligible before the As loading, and might be due to complexation between hydroxyl and arsenic species. Peaks at 2900 cm−1 are responsible for the C-H stretching alkane group. A small peak appeared at 2150 cm−1 before As loading, which converted into a very broad peak around 2170 cm−1; this might be due to the interaction of As species with stretching alkyne (-C≡C-) compounds.



After the As loading of acid-treated biochar, a huge, sharp peak occurred around 1580 cm−1, which has a different absorbance intensity as compared to the unloaded As spectrum. This change may be assigned to the chemical contact of As with strong N-O stretching nitro compounds. Peaks observed around 1130 cm−1 can be assigned to (O-H) alcohols (primary and secondary) and aliphatic ethers. Peaks observed around 1000 cm−1 are responsible for the (C-O) stretching of the COOH functional group. Peaks observed in FTIR spectra band 720 to 890 cm−1 may be assigned to (C-H) bending.





3.3. Morphological, Structural, and Textural Characteristics of Biochars


To estimate the biosorption mechanisms, microscopic analyses of the biosorbents’ (CSB, Na-CSB, and HN-CSB) surfaces were conducted by scanning electron microscopy (SEM). Figure 6 shows the surface morphology of treated and un-treated biochars. Dissimilar surface morphology was observed for all treated and un-treated biochars. The surface morphologies of treated biochars were quite different to those of un-treated biochars; they were changed due to the addition of a base (1 M NaOH) or an acid (1 M HNO3). The SEM photographs of CSB showed dense and firm particle structure with visible pores before As loading (Figure 6a), while HN-CSB (Figure 6c) and Na-CSB (Figure 6e) showed more crumbly, porous and distorted surfaces. The pores of untreated biochars were blocked with excess distribution of basic elements compounds; however, chemical modification with alkali and acid solutions removed substantial amounts of these basic compounds and exposed the surface of the biochar. Furthermore, base-treated biochar showed more attractive surface for ion diffusion than other biochars. Poor pore distribution on the surface of untreated biochar was enhanced after chemical modification.



The surfaces of biosorbents after chemical modification were more amorphous and rough, with abundant protuberance, and numerous pores were available on the surface to facilitate the diffusion of As species ions on biosorbents. Surface modification after chemical treatment of biochar had considerable effects on surface area and pore volume of the activated biochar, and these results are consistent with BET determination of surface area and pore volume. After arsenic loading, the available pores on biosorbents (CSB, HN-CSB, and Na-CSB) were filled with arsenic species. The effects of acid and base treatment on the surface area and total pore volume of biochars was investigated using the BET method. Textural characterizations of treated and un-treated biochars are given in Table 1. The treatment introduced significant changes in the textural characterization of biochar. Alkaline- and acid-treated biochar showed an almost two- and three-fold increase in total pore volume over CSB, which enhanced the conditions for As adsorption. Acid-treated biochar show almost three-fold surface area and total pore volume as compared to CSB. Table 1 shows that acid and base treatment of CSB enhanced pore development and surface area during the activation process. According to the BET, the surface area of Na-CSB was increased by 26% and that of HN-CSB by 177% as compared to CSB. The chemical activation has a much higher impact on material porosity. It was found that both activated biochars had higher pore volumes compared with CSB, with the total pore volume of HN-CSB expanding from 0.155 cm3 g−1 to 0.512 cm3 g−1.




3.4. Sorption of As


The results of this study revealed that acid- and base-modified CSB had higher removal and sorption capacities for As in contaminated water than untreated CSB. The effects of initial As concentration on As sorption and removal are shown in (Figure 7). The As removal efficiency decreased with an increase in initial As concentration, whereas the sorption capacity of As increased with an increase in initial As concentration, independent of the type of CSB used. As compared to CSB and Na-CSB, the HN-CSB led to a considerable increase in As removal efficiency. The maximum As removal efficiency was observed at 50 µg L−1 and the minimum at 200 µg L−1, whereas the maximum sorption capacity of As was observed at 200 µg L−1 and the minimum was 50 µg L−1. The maximum As removal efficiency by CSB, Na-CSB, and HN-CSB was found to be at the initial As concentration of 50 µg L−1 (88%, 2 g L−1), and the minimum was detected at 200 µg L−1 (62%, 3 g L−1); meanwhile, the sorption capacity of As was observed at its lowest at 50 µg L−1 (14.38 µg g−1, 3 g L−1) and at its highest at 200 µg L−1 (89.66 µg L−1, 1 g L−1). Na-CSB showed a maximum As removal efficiency at 50 µg L−1 (89%, 3 g L−1) and a minimum was observed at 200 µg L−1(62%, 1 g L−1), whereas the minimum sorption capacity of As was noticed at initial concentration of 50 µg L−1 (14.89 µg g−1, 3 g L−1), and maximum sorption was observed at 200 µg L−1 (124.09 µg g−1, 1 g L−1). HN-CSB showed a maximum As removal efficiency at the initial concentration of 50 µg L−1 (95%, 1 g L−1), and a minimum at 200 µg L−1 (67%, 3 g L−1).



The dose of adsorbent is a key factor that plays a significant role in the biosorption of As. The removal efficiency and sorption capacity of As were determined at different adsorbent doses (1.0, 2.0, and 3.0 g L−1) as shown in (Figure 8). It can be seen that when biomass was increased from 1.0 to 3.0 g L−1 in As-contaminated water, the As removal efficiency increased from 45% to 88% (Figure 8), whereas the sorption capacity of As decreased from q = 88.28 to 44.83 µg g−1. As removal increased when Na-CSB biomass was increased to 2.0 g L−1, but a further increase in biomass to 3 g L−1 served to reduce As removal efficiency. The maximum sorption (q = 124.09 µg g−1) was observed at 1.0 g L−1, whereas the minimum sorption (q = 14.89 µg g−1) occurred at 3.0 g L−1. Acid-treated biochar showed the same trend as base-treated biochar: As removal efficiency increased up to 2.0 g L−1 and then decreased after a further increase in the biomass of HN-CSB (Figure 8). It was observed that when the biomass of HN-CSB biosorbent increased from 1.0 to 2.0 g L−1, the As removal efficiency = increased (70% to 95%), but then decreased (95% to 67%) due to further increase in the biomass of HN-CSB. The sorption of As reached its maximum (q = 140 µg g−1) and minimum (q = 15.62 µg g−1) at a biomass of 1.0 and 2.0 g L−1, respectively.




3.5. Adsorption Isotherm


The biosorption of As by CSB, Na-CSB, and HN-CSB was analyzed using the Freundlich and Langmuir isotherms models at various adsorbent doses. The linear form of the Langmuir isotherm was plotted between Ce versus Ce/q, and between ln q versus ln Ce for the Freundlich isotherm. The slope and intercept used to determine other parameters and data of the isotherms are presented in Table 2. To determine the best fit isotherm model for the sorption of As, the R2 values of both models were compared. It was observed that the Langmuir and Freundlich models simulated the experimental isotherms well with good R2 values. The isotherms’ data showed that the Langmuir isotherm model was best fitted for the sorption of As by CSB (R2 = 0.993) and Na-CSB (R2 = 0.991), whereas it was least suited to HN-CSB (R2 = 0.949). In most cases, the Langmuir model had a greater value of R2 than the Freundlich model for isotherm, except for HN-CSB, where the Freundlich isotherm model was better fitted than the Langmuir isotherm model, based on their R2 values. This showed that heterogeneous surface properties formed after acid treatment. Large values of the Kf coefficient indicated larger adsorption capacity, whereas the value of coefficient n indicates the strength of the adsorbent material used. Low values of n showed weak bonds between the adsorbent and adsorbate materials. The values of n and Kf obtained for HN-CSB were 2.952 and 32.733, respectively. HN-CSB showed a maximum sorption of As in contaminated water (Qmax = 156.94 µg g−1) which slightly higher than Na-CSB (Qmax = 151.01 µg g−1), and the least sorption was observed in untreated CSB (Qmax = 102.78 µg g−1).




3.6. Cost Analysis


It is important for researchers to analyze the cost effectiveness of adsorbent materials for the targeted community in order to assess the utilization of biochar derived from cotton stock (CSB) that is normally considered as an agricultural residue in cotton growing areas of Pakistan. In addition, the overall cost of producing the adsorbent for commercial use influences the farming community, as it provides an alternative to high-cost products available in the market. In general, adsorbent cost estimation involves different steps, like raw material collection, size reduction, pyrolysis and steam activation, calcification, etc. Other factors such as the availability of raw material, treatment conditions, process requirements and reusability are also important to consider during cost analysis, as adsorbent selection and application depend on these and the above-mentioned factors. The costs of producing 1 kg of CSB, HN-CSB, and Na-CSB in US dollars (USD) have been listed in Table 3. The cost analysis of CSB, HN-CSB, and Na-CSB suggests that the adsorbent preparation process from cotton stalk is cost effective. The total costs incurred to derive 1 kg of R-CSB, HN-CSB, and Na-CSB biochar from cotton stalk at laboratory-scale have been calculated as PKR 255.00, PKR 767.60, and PKR 902.07, respectively. It has clearly been observed from the calculations that the production cost incurred by the steam activation of CSB is comparatively cheaper as compared to the cost of HN-CSB and Na-CSB, due to the utilization of chemical reagents during their preparation. Despite having economic differences at small scales, chemical activation is effectively required to improve the favorable characteristics of an adsorbent, like the surface area, uptake capacity, and micro-pore volume. The cost estimations of chemically activated adsorbents evidently concluded that both HN-CSB and Na-CSB are cost effective adsorbents under laboratory conditions; however, HN-CSB, owing to it being the cheaper option and more efficient in removal compared to Na-CSB, can be used as an effective and promising adsorbent for the removal of contaminants from aqueous solution.





4. Discussion


4.1. PZC Analysis


Figure 2 demonstrated the pH behavior of all three biochars. The positive increase in the pH values of CSB, HN-CSB, and Na-CSB biochars in the range of pH 2–6 clearly identifies the neutral-to-alkaline nature of biochar [56]. Results showed that all three biochars used in the experiments had negative surface charge at a pH greater than 6.9, 8.4, and 7.6 for HN-CSB, Na-CSB, and CSB, respectively. Figure 2 shows the surface charge of the biosorbents at different pH values. The negative charge of the biochars at a high pH had a significant impact on adsorbing As. If the pH of the solution is greater than pHPZC, then the solution will have more OH- ions, whereas when the solution has a pH lower than pHPZC, it generates more H+ ions in the solution. The arsenic species present in the contaminated water were mostly in the form of anions, so for better removal results, the pH of the solution should be lower than the pHPZC. We selected a pH of 6.0 ± 0.1 for all biosorption studies in this work, because choosing a lower pH value than the pHPZC of CSB, Na-CSB, and HN-CSB generated more H+ ions, which are appropriate for strong interactions with anionic As species [57].




4.2. FTIR Analysis of Biosorbents


The FTIR spectra of CSB, HN-CSB, and Na-CSB were analyzed before and after As loading. Different peaks in the FTIR spectra before and after As loading denoted different functional groups, and these groups might have the potential for As sorption from contaminated water [43]. It can be seen clearly that the FTIR spectra showed variations in absorption before and after As loading (Figure 3, Figure 4 and Figure 5). The disappearance and appearance of some peaks, the shifting of peaks, reduction and enchantment in peaks sharpness, and changes in the intensity of transmittance are evidence of interaction of As species with the different functional groups present in the biosorbents [1,43,58].



4.2.1. FTIR Analysis of CSB


After As loading, the peak of the hydroxyl (O-H) stretching group at 3700 cm−1 changed and high absorbance was observed, confirming the formation of complexes of As species, with different compounds of OH stretching through hydrogen bonding [58]. Peaks present at 3009, 2899, 1821, 1690, 1498, 1354, and 1136 cm−1 in CSB before As loading shifted after As loading (Figure 3), which might be assigned to As sorption through ion-exchange, precipitation, electrostatic attraction, or complexes. After As loading, the increase in the intensity of absorbance may be assigned to the presence of less functional groups after As loading [59].




4.2.2. FTIR Analysis of Na-CSB


Before and after As loading, the Na-CSB FTIR spectra were analyzed to reveal the possible methods of As sorption (Figure 4). After As loading, the peak of OH stretching hydroxyl group, previously present at 3210 cm−1, shifted to 3240 cm−1, which may suggest that alcoholic OH compounds were also responsible for As sorption through H-boning [1]. A peak originally at 2900 cm−1 shifted after the loading of As. A sharp peak occurred at 2350 cm−1 in virgin Na-CSB spectra, denoting strong carbon dioxide (O=C=O) stretching group, which completely disappeared after As loading. A new sharp peak appeared at 838 cm−1 after As loading, and showed the sorption of As in the form of As-O [60].




4.2.3. FTIR Analysis of HN-CSB


Major changes occurred in the absorbance ranging from 3500 to 3700 cm−1, which may be assigned to hydroxyl (O-H) stretching compounds. A small peak at 3600 cm−1 was converted into multiple band peaks with different intensities [61]. Peaks appeared at 2900, 2150, and 995, which had slightly shifted after As loading. The peaks of stretching alkyne (-C≡C-) and stretching nitro (N-O) compounds at 2170, 1580, and 1510 cm−1 showed more sharper peaks after As loading than in the virgin biochar. These imply that the compounds of alkynes (-C≡C-) stretching, ketone, and nitro are involved in As sorption [60].





4.3. Morphological, Structural, and Textural Characteristics of Biochars


In order to estimate the biosorption mechanisms, microscopic analysis of the biosorbents’ (CSB, Na-CSB, and HN-CSB) surfaces were determined by SEM before and after As loading. Chemical modification of biochar with acid and base significantly increased the BET surface area and pore volume compared to untreated biochar (Table 2). Previous study has revealed that alkali treatment of biochar could cleanup blocked pores of biochar, which enhanced its porosity [62]. The main mechanism involved in surface area and pore volume changes is a reaction between the alkali and basic compounds present in biochar [63]. In the present study, the surface area of alkali-treated biochar increased from 103.62 m2/g to 130.41 m2/g, and pore volume from 0.155 cm3/g to 0.313 cm3/g after NaOH treatment of biochar. This might be due to the formation of meso-pores and macro-pores through the destruction of the nano-pores’ structure [64]. It has been reported that the acidic modification of biochar could produce major changes in the physicochemical properties of an adsorbent [65]. Pine tree biochar treated with H3PO4 showed higher surface area than virgin biochar. It was also reported that as H3PO4 percentage was increased, the surface area and pore volume of activated biochar increased further [1]. In the present study, the surface area and total pore volume of acid-treated biochar were increased from 103.62 m2/g to 287.82 m2/g and 0.155 cm3/g to 0.512 cm3/g, respectively. The increases in surface area and in pore volume might facilitate the diffusion of As species ions into the biochar pores, and in this way, changes to the texture and structural properties offer more active sites to bind the metals ions to the surface of the biochar [66]. After As loading, the available pores on all biosorbents were filled (showed in SEM photograph); this might be due to the physical adsorption of arsenic species on the surface of biosorbents.




4.4. Sorption of As


The As removal efficiency and sorption capacities of chemically modified CSB were higher than un-treated CSB. Mosa et al. [43] conducted a study in which chemically treated and un-treated biochar were used to remove different metal ions. The study’s results revealed that chemically modified biochar enhanced the removal and sorption of metal ions. The chemical modification of biochar increased the As uptake of Na-CSB and HN-CSB by 94% and 95%, respectively (Figure 7 and Figure 8). Our results are consistent with these previous results; for instance, the removal efficiency of As ions increased with respect to an increase in adsorbent dose [67], whereas the As removal efficiency decreased after an increase in the initial concentration of As in the solution [43,68]. The increase in initial As concentrations led to an increase in sorption capacity of As by all three biochars, and similar results have been reported by [23] that as the initial concentration of As (III) is increased from 0.05 to 7 mg L−1, the sorption capacity increases from 0.01 to 2.91 mg g−1. An increase in concentration of sorbent material, resulting strong built-up of concentration gradient among different As species oxyanions and biochar surface, led to significant increase in As sorption for all biochars [52]. It was observed that the sorption capacity of As ions decreased as biochar mass increased. This might be due to a partial increase in the mutual attraction between particles, which normally occurs at a higher biomass.



The increase in the removal efficiency of As ions with an increase in biochar biomass may be due to more surface area being available to adsorb more As ions [2]. Cottonseed hulls and soyabean modified with NaOH had improved sorption for Zn (II) as compared to un-modified variations [69]. NaOH-treated waste products had enhanced sorption capacity over un-treated materials [70]. The acid and base treatment of raw rice husk enhanced the sorption capacity of cadmium [71]. KOH activation of municipal solid waste biochar enhanced the adsorption capacity of arsenate ions from aqueous solution [64]. Our results confirmed all above findings suggesting that activated biochar shows promising effects on As removal and sorption over simple biochar. Although, we have found greater As removal efficiency (95%) and sorption capacity (q = 140 µg g−1) by HN-CSB compared to Na-CSB and CSB. This might be due to high surface area and the diverse functional groups of HN-CSB. Moreover, SEM analysis revealed As loading on the surface of HN-CSB (Figure 6d) much more clearly than Na-CSB (Figure 6f) and CSB (Figure 6b).




4.5. Adsorption Isotherms


It was observed that the Langmuir and Freundlich models simulated the experimental isotherms well, with good R2 values. The Langmuir isotherm model was best fitted for sorption of As with the highest R2 values (R2 = 0.993 for CSB, R2 = 0.991 for Na-CSB), whereas the Freundlich isotherm model gave better results for HN-CSB (R2 = 0.983, Table 2). In most cases, the Langmuir model had greater R2 values than the Freundlich model for isotherm, with the exception of HN-CSB. Isotherm data revealed that un-treated CSB and base-treated CSB have monolayer adsorption for As ions. Similar results were reported in a study conducted by [64], which used municipal solid waste treated with 2 M KOH for As removal. The results revealed that the Langmuir isotherm model was the best fit for sorption data (R2 > 0.95) for CSB and Na-CSB, which was contradictory to studies on biochar derived from cotton stalk (Zhang et al. 2018) and biochar derived from rice husk [72], which suggested that the Freundlich isotherm model gave better fit to adsorption data. But in case of HN-CSB, the Freundlich isotherm model gave better results than the Langmuir, which was supported by above mentioned studies. It has been reported that the Langmuir isotherm model gave better results than the Freundlich isotherm model for the sorption of cadmium ions using treated (with acid and base) and untreated rice husk biochar [71].



Biochar derived from perilla leaf was used to remove arsenite and arsenate ions from aqueous solution, and the results of sorption isotherms showed that the Langmuir isotherm model provided the best fit (R2 = 0.97) [23]. Since both the Freundlich and Langmuir isotherm models explain, the As sorption isotherm follow the monolayer adsorption for Na-CSB and CSB, whereas the sorption of As by HN-CSB is not restricted to the monolayer adsorption process. A similar phenomenon was also observed in another relevant study conducted by [73]. The results of that study revealed that both the Langmuir and Freundlich isotherm models adequately explained the sorption data for raw and alkali-treated biochar, with the exception of acid-treated biochar. HN-CSB showed a maximum sorption of As from aqueous (Qmax = 156.94 µg g−1) which was slightly higher than that of Na-CSB (Qmax = 151.01 µg g−1), and was significant higher than untreated biochar (Qmax = 102.78 µg g−1). Table 4 compares the sorption capacities of the current study with other research on arsenic removal from water using modified biochar over the past decade. Chemically modification biochar derived from cotton stalk with acid and base proved better adsorbent material than a number of adsorbent materials used for As removal.





5. Conclusions


In this study, cotton stalks were selected for biochar production because they are a low-cost adsorbent, readily available, easy to operate, and compact unit processes, owing to which the technology is universally acceptable and commercially available. The study deals with an efficient approach to utilizing alkali- and acid-activated biochar and mitigating one of the most severe drinking water problems caused by arsenic. We hypothesized that acid and base treatment could improve the adsorption capacities of cotton stalk biochar. The results of this study have confirmed this hypothesis, and we showed high surface area, diverse functional groups, and porous structure of cotton stalk biochar, confirmed by the Brunauer-Emmett-Teller, Fourie—Transform Infrared Spectroscopy, and Scanning Electron Microscope, respectively. Base- and acid-treated biochar showed a maximum As removal of up to 94 and 95%, respectively, regardless of initial As concentration and adsorbent biomass. The Langmuir isotherm model showed a better fit to the adsorption data than the Freundlich model. The interaction of As with the biochar surface involved electrostatic attraction at pH < pHPZC, ion exchange, physical adsorption, surface/co-precipitation, and surface complexes. Sorption isotherm study revealed that the chemical treatment of cotton stalk biochar with acid and base considerably increased As sorption capacities from 103 µg g−1 to 157 µg g−1 and 151 µg g−1, respectively. The present study gives new insights into the ability of Na-CSB and HN-CSB biochar for As remediation in contaminated drinking water. Such information may also be used to provide practical ideas for future research into new types of biochar-based materials with super-strong As adsorption capability.
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Figure 1. Flowchart presenting biochar preparation, activation, characterization, and application for As removal. 
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Figure 2. Point of zero charge for (a) H-NCSB, (b) CSB, and (c) Na-CSB. pHpzc is the point where the ΔpH of the adsorbent intersects the ΔpH of NaCl. 
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Figure 3. FTIR analysis of CSB (a) before and (b) after arsenic loading. 
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Figure 4. FTIR analysis of Na-CSB (a) before and (b) after As loading. 
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Figure 5. FTIR analysis of HN-CSB (a) before and (b) after As loading. 
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Figure 6. SEM photographs of biosorbents: (A) CSB, (B) CSB after As loaded, (C) HN-CSB, (D) HN-CSB after As loaded, (E) Na-CSB, and (F) Na-CSB after As loaded. 
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Figure 7. Effect of initial As concentration on As sorption and removal for (a) CSB, (b) Na-CSB, and (c) HN-CSB. Values are presented as standard error of means (n = 3). 
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Figure 8. Effect of adsorbent dose on As sorption and removal (a) CSB, (b) Na-CSB, and (c) HN-CSB. Values are presented as standard error of means (n = 3). 
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Table 1. Surface area and total pore volume of treated and un-treated biochars.
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	Biochar
	Surface Area (m2 g−1)
	Total Pore Volume (cm3 g−1)





	CSB
	103.62
	0.155



	Na-CSB
	130.41
	0.313



	HN-CSB
	287.82
	0.512
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Table 2. Langmuir and Freundlich adsorption isotherm parameters for As biosorption on cotton stalk biochar (CSB), sodium hydroxide-treated (Na-CSB), and nitric acid-treated (HN-CSB) biochar.
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Biochar

	
Langmuir Isotherm

	
Freundlich Isotherm




	
Qmax (µg g−1)

	
KL (L µg−1)

	
R2

	
n

	
KF (µg g−1)

	
R2






	
CSB

	
102.78

	
0.07

	
0.993

	
2.206

	
15.169

	
0.981




	
Na-CSB

	
151.01

	
0.05

	
0.991

	
2.316

	
19.601

	
0.985




	
HN-CSB

	
156.94

	
0.09

	
0.949

	
2.952

	
32.733

	
0.983








Qmax: maximum sorption capacity, KL: constant of Langmuir model, n: empirical parameter giving adsorption intensity of adsorbent material, KF: indicator of adsorption capacity.
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Table 3. Cost estimation of biochar prepared from cotton stalk (CSB) and treated with nitric acid (HN-CSB) or sodium hydroxide (Na-CSB).
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Type of Biochar

	
Operational Parameters

	
Break Up Cost

	
Total Cost (USD)






	
Cotton stalk biochar (CSB)




	
Cost of CSB

	
Raw material collection cost

	
Collected from local farmers free of cost

	
0




	

	
Cleaning cost

	
material was cleaned using distilled water: hours × units × per unit cost (1 × 0.5 × 0.047)

	
0.0235




	

	
Size reduction cost

	
hours × units × per unit cost (0.25 × 1 × 0.047)

	
0.0117




	

	
Drying cost

	
hours × units × per unit cost (12 × 1 × 0.047)

	
0.564




	

	
Pyrolysis cost

	
hours × units × unit cost (2 × 3 × 0.047)

	
0.282




	

	
Steam activation cost

	
superheated steam production cost + heating cost = (hours × units × per unit cost) + (hours × units × per unit cost) = (1 × 0.8 × 0.047) + (1 × 1.5 × 0.047)

	
0.1081




	
Net cost

	

	

	
0.9893




	
Overhead (10%)

	

	
0.0989




	
Total cost

	

	

	
1.088




	
HNO3 activated cotton stalk biochar (HN-CSB)




	
Cost of CSB

	
1.088




	
Cost of HN-CSB

	
Heating cost = hours × units × per unit cost

(1 × 1.5 × 0.047)

	
0.0705




	
Cost of HNO3

	
1.81




	
Total cost

	
2.968




	
Overhead (10%)

	

	
0.2968




	
Total cost

	

	

	
3.265




	
NaOH activated cotton stalk biochar (Na-CSB)




	
Cost of CSB

	

	

	
1.088




	
Cost of Na-CSB

	
Heating cost = hours × units × per unit cost

(1 × 1.5 × 0.047)

	
0.0705




	
Cost of NaOH

	
2.33




	
Total cost

	
3.488




	
Overhead (10%)

	

	
0.3488




	
Total cost

	

	

	
3.837
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Table 4. The sorption capacities of the current study with other research on arsenic removal from water using modified biochar over the past decade.
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	Adsorbent
	Activation Media
	Initial As conc. (µg L−1)
	Max. Sorption (µg g−1)
	Reference





	Pine wood
	Birnessite
	10,000
	910
	[74]



	Pine wood
	Mn Oxide
	10,000
	590
	[74]



	Pinecone
	
	100
	6
	[74]



	Rice Husk
	
	900
	2.59
	[72]



	Activated Aluma
	
	2000
	560
	[75]



	Sand
	Iron coated
	2000
	40
	[75]



	Rice Polish
	
	1000
	140
	[76]



	A. niger biomass
	iron oxide coated
	100
	47
	[77]



	Fish Scale
	
	1000
	26
	[78]



	Bone Char
	
	1500
	22
	[79]



	Cotton Stalk Biochar
	
	200
	103
	Present Study



	Cotton Stalk Biochar
	NaOH
	200
	151
	Present Study



	Cotton Stalk Biochar
	HNO3
	200
	157
	Present Study
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