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Abstract

:

An activated carbon impregnated with elementary iodine (I2), named IodAC, characterized by oxidation capability, was developed and applied to oxidize arsenite, As(III), to arsenate, As(V), in arsenic-rich waters. Batch and column experiments were conducted to test the oxidation ability of the material. Comparisons with the oxidizing agents usually used in arsenic treatment systems were also conducted. In addition, the material has been tested coupled with an iron-based arsenic sorbent, in order to verify its suitability for the dearsenication of drinking waters. IodAC exhibited a high and lasting oxidation potential, since the column tests executed on water spiked with 50 mg/L of arsenic (100% arsenite) showed that 1 cc of IodAC (30 wt% I2) can oxidize about 25 mg of As(III) (0.33 mmol) before showing a dwindling in the oxidation ability. Moreover, an improvement of the arsenic sorption capability of the tested sorbent was also proved. The results confirmed that IodAC is suitable for implementation in water dearsenication plants, in place of the commonly used oxidizing agents, such as sodium hypochlorite or potassium permanganate, and in association with arsenic sorbents. In addition, the well-known antibacterial ability of iodine makes IodAC particularly suitable in areas (such developing countries) where the sanitation of water is a critical topic.
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1. Introduction


Water is essential to life, and ensuring safe drinking water is a priority in any country. The health risks associated with the consumption of unsafe drinking water are related to infectious diseases but also to environmental components such as fluoride, arsenic, lead, cadmium, nitrates and mercury [1]. There is an urgent need to develop suitable water treatment strategies especially for small rural and remote communities in low-income developing countries [2]. However, providing safe drinking water is also a crucial task in the managing of emergency situations (such as earthquake, flooding, etc.). Therefore, even in the so-called “more developed countries”, bacteria and chemical contamination must be constantly monitored and, if detected, removed.



Arsenic is one of the most widespread drinking water-related concerns, due to its toxicity, and because this element occurs naturally in many groundwater sources around the world [3,4,5,6].



Soluble arsenic can be found in water in both inorganic and organic forms. Inorganic arsenic compounds (such as those predominantly found in groundwater) are highly toxic, while organic arsenic compounds (mainly found instead in seafood) are less harmful to health. Moreover, inorganic arsenic can occur in several oxidation states (+5, +3, 0 and −3), depending on the physic-chemical characteristics (pH and Eh) of the water, but in natural water systems it is mostly found as trivalent arsenic (As(III), arsenite) or pentavalent arsenic (As(V), arsenate). Under oxidizing conditions, such as the ones typically found in surface waters, the major species is As(V), mainly present as its oxyanionic forms (H2AsO4−, HAsO42−) at the common pH range of natural waters. In contrast, under mildly reducing conditions, such as in groundwater, As(III) is the thermodynamically stable form, which, at the common pH values found in natural waters, occurs as non-ionic form of arsenious acid (H3AsO3) [7,8,9].



The health risks associated with the long-time consumption of arsenic contaminated water are well documented [10,11], and the World Health Organization (WHO), European Union (EU) and the US Environmental Protection Agency (US-EPA) have consequently defined the arsenic standard for drinking water as 10 μg/L. The toxicity of inorganic arsenic is related to its aptitude to combine with sulfhydryl groups in proteins and, therefore, to accumulate in the body. In this regard, it is important to notice that arsenite is potentially more toxic since it has a higher affinity for protein than arsenate [12].



The natural occurrence of arsenic in groundwater is mainly linked to the influence of geothermal systems, such as mixing with arsenic-rich deep-rising fluids [13,14] or to the release/mobilization of the element from the minerals in the aquifer [15]. These mechanisms are the result of a complex conjunction of stratigraphy, hydrogeology, and geochemistry, therefore the administration of groundwater in the affected area is a very challenging and difficult task.



Fortunately, several methods for the removal of arsenic from contaminated water have been proposed, including adsorption, coagulation/flocculation, chemical coprecipitation, membrane filtering, and ion exchange. Among these technologies adsorption is distinguished as the most promising one, as it is cost-effective and efficient even at low concentrations. Due to its ease of operation, lower costs and lower amounts of resultant sludge, adsorption is widely used as the preferential method for the removal of arsenic and other heavy metals. Furthermore, there are several types of adsorbents available, such as metal oxides and hydroxide, mineral clay, activated carbon and biochar [16,17,18,19,20].



Owing to the slow redox transformations, the prevailing forms of inorganic arsenic, As(III) and As(V), are present in both reduced and oxidized environments [21]. However, it is important to notice that the most commonly used sorbent materials are more effective on As(V) [22]; indeed, as already noticed, As(III) basically occurs in non-ionic form at the common pH range and therefore is less adsorbed than the As(V) anions on mineral surfaces [12]. Consequently, to maximize the removal performance, a pre-oxidation step is frequently applied. The predominantly used oxidizing agents are liquid chemicals (sodium hypochlorite, potassium permanganate) or gases (ozone, chlorine), and their use implies a rigorous dosage and sometimes a handling-related danger (e.g. chlorine).



In this paper we introduce an innovative “elementary iodine impregnated activated carbon” (IodAC from now on), developed in our laboratories, which shows potential applicability in the field of water treatment, combining in a solid media the disinfectant capability and also the abovementioned oxidation capability useful in the arsenic removal systems.




2. Materials and Methods


2.1. Materials Used for IodAC Preparation


IodAC was manufactured by means of the impregnation of elementary iodine (I2) on granular activated carbon, through polyiodide wet treatment. The polyiodide chemical precursor was NaI3, while the activated carbon was Shirasagi LH2 C-32/60ss supplied by Osaka Gas Chemicals Co., Ltd. (Osaka, Japan).



NaI3 was prepared from the reaction between NaI and I2 in aqueous solution. The activated carbon was then added to the NaI3 solution in order to achieve the impregnation of I2. Lastly, the mixture was filtered, washed with distilled water (to remove the unreacted iodine) and dried to yield the final material IodAC.



Various types of IodAC, with different loads of polyiodide, were produced in our laboratory and tested for a wide range of purposes and applications. In this report, for preliminary investigation of water treatment usages, we are discussing IodAC(30) and IodAC(10), which means that 100 g of IodAC respectively hold 30 g and 10 g of I2 (the type of IodAC used is specified in each paragraph of the results).




2.2. Materials Used for the Experimental Procedures


The arsenic oxidation capabilities of IodAC were tested on As(III) enriched distilled water and As(III) enriched groundwater. This differentiation was important to compare the IodAC oxidation performance in a laboratory matrix and in a natural matrix. The groundwater was selected and analyzed prior to the enrichment, in order to assure the absence of preexisting arsenic.



Sodium meta-arsenite (NaAsO2, assay ≥ 90%) from Sigma-Aldrich (St. Louis, MO, USA) was used as the source of As(III). It was dissolved in distilled water, to obtain a 1000 mg/L As(III) stock solution, and the final pH was adjusted to 7 using hydrochloric acid (HCl, reagent grade, 37%) from Sigma-Aldrich (St. Louis, MO, USA). Small amounts of the stock solution were then diluted, using distilled water or the abovementioned arsenic-free groundwater, to prepare the As(III) enriched solutions.



In addition, to compare IodAC with the oxidizing agents commonly employed for water treatment, sodium hypochlorite (NaClO, 5 g/L) and potassium permanganate (KMnO4, 0.02 mol/L) were also used. The chemicals were reagent grade, purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Appropriate dosages, calculated to fulfill the stoichiometric oxidant demand required by the tests, were added to the experiment solutions (more details in the results section).



All the tests were conducted at room temperature and the experimental solutions had initial conditions of T = 20 °C and pH = 6.5.




2.3. Characterizations Techniques


Direct analysis of arsenate content, As(V), was performed by ion chromatography, using a Dionex-DX-120 (Sunnyvale, CA, USA) equipped with an AS12A analytical column. An ICP-MS, ELAN-DRC-II from Perkin-Elmer (Waltham, MA, USA), was used to analyze the total arsenic (such as to check the initial amount of As(III) in the stock solution and in the experimental solutions before the experiments).



SEM-EDS, JSM-6510 from JEOL Ltd. (Tokyo, Japan), was used to investigate the morphological features of IodAC and to confirm the iodine assimilation on the activated carbons.




2.4. Arsenic Oxidation: Batch Experiments


Amounts of 0.1 cc and 0.2 cc of IodAC were added to 100 ml of 50 mg/L As(III) solutions (prepared with distilled water or groundwater) and shaken for 4 hours in polypropylene containers. 1 ml aliquots were sampled after 10 minutes, 1 hour, 3 hours and 4 hours. Each sample was filtered through a 0.45 μm syringe filter and analyzed for total arsenic (ICP-MS) and arsenate (ion chromatography).



A similar batch protocol was applied also for tests aimed to compare the IodAC oxidation ability with some commonly used oxidizing agents.




2.5. Arsenic Oxidation: Rapid Small-Scale Column Experiments


A 5 ml syringe, with a diameter of 1.2 cm, was packed with 3 cc of IodAC, to create a 2.5 cm long packed column. A cotton filter was placed at the end of the column, to avoid loss of IodAC. The 50 mg/L As(III) solution was continuously flowed in the column, from the top to bottom, using a peristaltic pump set at 10 ml/min. The solution passed in the column, exiting at the bottom nozzle, and was collected in portions of 150 ml for periodic pH monitoring. Moreover, after completing each 150 ml recovery, the following 1 ml of solution exiting from the column was sampled from the nozzle in a plastic vial for arsenic chemical analysis. The test was discontinued when the oxidation efficiency on the 50 mg/L As(III) solution felt lower than 90% (meaning an arsenate concentration amount lower than 45 mg/L).




2.6. Combined Use with Arsenic Sorbent


Based on the results of the oxidation experiments, in order to test the applicability in a full “arsenic treatment system”, that is a system able both to oxidize arsenite and to remove arsenic, we also executed batch and column tests using IodAC in combination with iron-impregnated activated carbon (FeAC). The preparation of FeAC was conducted using Fe(NO3)3·9H2O, following a method based on impregnation by iron-salt evaporation similar to the one illustrated by Chen et al. (2007) [23]. The batch experiment compared the kinetics of arsenic adsorption from an arsenite contaminated groundwater, with or without preliminary oxidation by IodAC. The column experiments, instead, tested the real-time synergy of the two mechanisms through a “sequential column experiment”, where arsenite contaminated groundwater was first flowed in a column filled with IodAC and then in a column filled with FeAC.




2.7. Influence of Coexisting Anions on Oxidation Ability


The effects of coexisting anions were studied using 50 mg/L As(III) solutions, each of them spiked with 100 mg/L of one the following anions: Cl−, NO3−, SO42−, H2PO4−). An additional sample, used as reference, was characterized by the same amount of As(III) but without any coexisting anion inside. After the addition of IodAC, the solutions were agitated for 4 hours, filtered through a 0.45 µm syringe filter and used for arsenate estimation.




2.8. Statistical Analyses of Data


All tests were conducted in triplicate (n = 3). All data given in text and figures are expressed as the mean of the results; the error bars in figures are expressed as standard deviation. All statistical significance was noted at α = 0.05.





3. Results


3.1. IodAC Characterization


Figure 1 shows the SEM images of IodAC. The production process did not affect the surface of the activated carbon, and no superficial differences were observed comparing the IodAC and the activated carbon before the impregnation process. The EDS results, showed the presence of iodine on the granules, confirming the success of the impregnation.



Other physical and chemical characteristics of IodAC are summarized in Table 1.




3.2. Batch Test Results


The batch tests, expressing the kinetics of arsenic oxidation by IodAC, were executed on 100 ml of 50 mg/L As(III) (corresponding to 5 mg of As(III) in the solution). IodAC(30) was used.



Preliminary tests were performed in distilled water in order to understand the oxidation capability of the material. The results showed that 0.1 cc of IodAC can achieve the oxidation of up to 2.5–2.9 mg of arsenic (around 50–58% of the total amount in solution) and that the process is almost completed within 3 hours. Using the amount of 0.2 cc, all the As(III) in the solution (5 mg) was oxidized (Figure 2).



Taking into account these results, new batch tests were performed, using 0.1 cc and 0.2 cc of IodAC, both in distilled water and in natural groundwater. The results showed that IodAC was also efficient on arsenite oxidation in a natural aqueous matrix.




3.3. Comparison with Common Oxidizing Agents


It is difficult to discuss a clear comparison between IodAC and the oxidizing agents commonly used in water treatments, since they have a different state: solid (IodAC), liquid (NaClO, KMnO4) and gas (O3). The consequent solid-liquid interaction between the activated carbon and the arsenic solution is affected by various factors (such as surface area), while aqueous ions in a liquid-liquid interaction tend to react faster. Therefore, it was not a surprise to notice that sodium hypochlorite and potassium permanganate showed a faster, almost instant, oxidation.



The experiments were conducted again on 50 mg/L arsenic (100% As(III)) solution (distilled water). The dose of each oxidizing agent used in the experiments, taken directly from the stock solution at the concentration mentioned in the Materials and Methods section, were calculated to theoretically achieve the oxidation of 50% of the As(III) (for the comparison with 0.1 cc of IodAC(30)), and 100% of the As(III) (for the comparison with 0.2 cc of IodAC(30)). The kinetics of arsenite oxidation are summarized in Figure 3.



The slower oxidation process of IodAC, however, is balanced by the long-term oxidation capability of the material, which will be exposed in the column experiments section. Also, the chemical hazard related to the use of concentrated liquid oxidants causes many difficulties in areas such as developing countries where specialized technical staff is rare. Indeed, a liquid-phase or a gas-phase oxidant (such as O3 or Cl2) needs to be regularly added, exactly at the appropriate dosage, using a dosing device; moreover, since all the above mentioned oxidants are potentially toxic and harmful, special precautions must be observed in all the handling operations. Therefore, any malfunction of the dosing device can produce an overdosage of toxic chemicals in the water.




3.4. Column Experiments Results


Our column experiments can be considered a “stress test”, since the amount of arsenite (50 mg/L As(III)) was considerably higher than the concentrations usually found in natural waters. Such high concentration was also used in order to not excessively protract the experiment time.



In the distilled water based experiment, and using IodAC(30), an oxidation efficiency on As(III) greater than 90% was measured up to 1.5 L (resulting in a total of about 75 mg of As(III) oxidized, and in an oxidizing capability of about 25 mg of As(III) for 1 cc of IodAC). After that, the oxidation efficiency gradually decreased and fell lower than 50% at around 2.5 L (Figure 4a).



Groundwater affected by arsenic pollution is usually characterized by an arsenic concentration in the range of ppb and shows a percentage of As(III) lower than the 100% used in our experiments. As an example, the data concerning the groundwater of central Italy shows a mean arsenic concentration of 23 μg/L [5]; therefore, assuming a hypothetical water with a similar arsenic concentration (20 μg/L) and a 100% presence of As(III), 1 cc of IodAC(30) could theoretically oxidize about 1250 liters of such water. According to the available world data [24], even in the countries most vulnerable to arsenic occurrence in groundwater, including the regions where the incidence of reducing conditions boost the portion of As(III), the concentration of the element is still much lower than the amount used in our experiments.



No significant differences were observed when the experiment was repeated using the arsenite solution prepared with real groundwater, resulting in a very similar progress of the oxidation efficiency.



Additional similar column test was conducted on IodAC(10), to verify a proportional relation between the iodine load and oxidation capability. The amount of material used to fill the column was, also in this case, 3 cc, but the concentration of the arsenite solution was set to 25 mg/L, instead of the 50 mg/L used in the IodAC(30) experiments. The lower arsenite concentration was adopted in order to avoid an excessive rapid decrease in the oxidation power. The results showed a very good proportional comparison with IodAC(30), since the oxidizing power of IodAC(10) fell below the 90% after flowing around 900 ml of arsenite solution (Figure 4b). It corresponds to about 7.5 mg of arsenic oxidation capability each 1 cc of material (close to the expected 1/3 of the result attained with IodAC(30)).




3.5. Integration of IodAC in Arsenic Adsorption System


As noticed in the introduction, the common arsenic removal techniques show better performances on arsenate. Therefore, it is important to check the effective contribution of IodAC in the improvement of arsenic removal.



A batch procedure was used as the first approach to test the integration of arsenite oxidation with arsenic adsorption. The batch experiment was carried out with conditions similar of the ones conducted to check the kinetics of arsenite oxidation. Amounts of 0.2 cc of IodAC(30) and 0.2 cc of FeAC were introduced in 100 ml of groundwater (naturally free of arsenic) spiked with arsenite (50 mg/L) and mixed for 4 hours. The quantity of IodAC(30) was decided on because the oxidation experiments revealed that such an amount allowed the complete oxidation of arsenite in 4 hours. Aliquots of 1 ml were sampled after 10 minutes, 1 hour, 3 hours and 4 hours, filtered through a 0.45 μm syringe filter and analyzed for total arsenic. The same experiment was carried out introducing only FeAC in the arsenite spiked groundwater. The analysis results allowed calculation of the percentage of arsenic adsorption in each sampling step. The oxidation of IodAC sensibly improved the efficiency of arsenic adsorption of FeAC (Figure 5).



As final test, a real-time column experiment was executed according to the scheme in Figure 6. A special “arsenic speciation cartridge”, purchased from MetalSoft Center (Highland Park, NJ, USA), was used to check the oxidation of arsenite to arsenate (by IodAC(30)), while a column filled with FeAC was used for arsenic adsorption. The speciation cartridge is able to remove the only arsenate and does not adsorb arsenite. Therefore, the difference between the total arsenic concentrations in the starting solution water and in the solution exiting from the cartridge, reveal the residual arsenite concentration (that is expected to be zero due to the oxidation capability of IodAC). A valve, installed on the output line of the IodAC column, allowed switching the routing of the outgoing solution in the FeAC column or in the speciation cartridge. The valve was set to continuously send the output of the IodAC column in the FeAC column; every 150 ml pumped from the starting solution and flowed in the IodAC and FeAC column, an aliquot (1 ml) was collected from the output of the FeAC columns and the valve was switched in order to collect another aliquot from the output of the speciation cartridge (the first 5 ml discarded for washing and the next 1 ml collected for analysis). Then, the valve was switched again to restore the flow in the FeAC column. The tested water was, again, the natural groundwater spiked with 100 μg/L of As(III). The starting concentration of arsenite was set to 100 μg/L since, according to the specifications of the maker, the speciation cartridge is designed to cope with concentrations of arsenate <500 μg/L. The results showed a great efficiency in real-time arsenic removal, and demonstrated the synergy of the oxidation and adsorption mechanisms: The oxidation of arsenite by IodAC was fully accomplished again (arsenite <0.1 μg/L in all the steps), and the residual concentration of arsenic from the FeAC output was always lower than 1 μg/L (ICP-MS analysis). The test was discontinued after the completing of ten samplings, since the aim of the experiment was not to check the lasting of the removal capacity of the FeAC but only to confirm the attainment of the process and the applicability of IodAC together with an arsenic sorbent.




3.6. Effect of Coexisting Anions


The chemical composition of natural water is the result of the dissolution of several salts. Therefore, many anions (such as Cl− and SO42−) coexist in water with the arsenite oxyanions. Due to the similar anionic nature, it is important to test the effect of such coexisting anions on the IodAC system and to check any lowering on the arsenite oxidation power. As an example, from the point of view of arsenic adsorption, the effect of coexisting anions on the arsenite removal performances of many sorbents is well documented [25,26].



The test was conducted using 0.1 cc of IodAC(30) in all the solutions described in the related paragraph of the Materials and Methods section. After the completing of the 4 hours agitation, the results, expressed as the percentage comparison of the As(V) concentration in the spiked solutions and in the reference solution, showed that no significant or marginal variations in arsenite oxidation efficiency occurred (Figure 7).




3.7. Mechanism of Arsenic Oxidation


The chemical mechanism related to arsenite oxidation is described in the following equation:


H3AsO3 + I2 + H2O <—> H3AsO4 + 2 H+ + 2 I−.











Therefore, iodide release and acidification must be expected as a consequence of using IodAC. Indeed, we noticed an acidification of the water during the above mentioned experiments. During the column tests with IodAC(30), the pH of the output solution sampled in the various steps was 4.36 ± 0.21. However, it must be noted that the huge amount of arsenite, in the order of tens of mg/L, that triggered the reaction, is unlikely to be found in real groundwater. Under natural amounts of arsenite occurrence, in the order of µg/L, the acidification and release of iodide are expected to be insignificant. According to the column tests conducted on 100 µg/L arsenite spiked groundwater (the IodAC + FeAC experiments), the pH variation was negligible (±3% from the starting value of pH = 6.5) and the concentration of iodine in the output water was below 1 µg/L (ICP-MS determination).



Indeed, the release of iodine can be easily controlled using activated carbon, such as the FeAC used in our experiments (that adsorbed both arsenic and iodine) or also using a final stage of filtration/purification trough standard activated carbon. An indicative scheme of such type of system could be the one proposed in Figure 8, which includes IodAC for water sanitization and arsenite oxidation, an arsenic adsorbing media, and a final treatment such as a “guard column” made of activated carbon (to trap residual iodine) and also a neutralizing filter (if pH adjustment is required). The abovementioned components could be integrated, as example, in a multilayer cartridge for a rapid and onsite water purification.





4. Conclusions


We demonstrated the applicability of IodAC in the oxidation of arsenite in groundwater. The results of the column tests showed that the two types of IodAC tested, IodAC(30) and IodAC(10), have an oxidation efficiency of over 25 mg of As(III) and over 7.5 mg of As(III) for 1 cc of material. Thus, IodAC can enhance the efficiency of arsenic adsorbing media such as iron oxide or iron-modified activated carbons.



Moreover, the results show that the main advantages of using IodAC in place of the oxidants commonly used for arsenite oxidation (such as NaClO, KMnO4, Cl2, O3) are the long-lasting oxidizing power, the solid-state and the absence of direct chemical hazards. Such characteristics allow a simpler design of the water treatment system (no need for a dosing device for the oxidant), and easy and safe transport and handling.



Through additional experiments not exposed in this paper, we also verified the disinfectant property of IodAC related to the presence of iodine. Tea-bag like packs filled with IodAC were placed in the oxygen filter of three fish tanks, with two goldfish inside, so that the water circulating in the filter passed through the IodAC packs. A similar fish tank, without the IodAC pack, was used as a reference. After several days the biofouling appeared on the walls of the reference fish tank but not in the ones equipped with IodAC packs. Detailed results concerning these experiments will be discussed in another paper.



In conclusion, IodAC could be used as part of an integrated and multipurpose system for water treatment, such as in small or home treatment units in the developing areas of the world, aimed to achieve both the water sanitization and the arsenic-decontamination.
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Figure 1. SEM images (various magnifications) and EDS elemental analysis of elementary iodine impregnated activated carbon (IodAC). 
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Figure 2. Kinetics of the arsenite (50 mg/L) oxidation batch test in distilled water and groundwater using IodAC(30). 
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Figure 3. Comparison of the progress of oxidation by IodAC(30) and by the commonly used oxidizing agents. 
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Figure 4. As(III) oxidation rate performance in column study: (a) Arsenate concentration in the output water using 3 cc of IodAC(30); (b) arsenate concentration in the output water using 3 cc of IodAC(10). 
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Figure 5. Comparison of the kinetic of arsenic adsorption on iron-impregnated activated carbon, with or without the use of IodAC. 
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Figure 6. Scheme of the combined (oxidation and arsenic adsorption) column experiment. 
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Figure 7. As(III) oxidation efficiency in presence of coexisting anions. 
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Figure 8. Model for the application of IodAC in an integrated, multipurpose, water treatment system or cartridge. 
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Table 1. Main characteristics of IodAC.
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	Properties
	IodAC





	Color, form
	Black, granular



	Granular size
	0.25~50.5 mm



	Bulk density
	0.50~0.56 g/cc



	Element composition
	Carbon (C), Iodine (I)



	Heat-resistance
	184 °C (I2 gradually volatile at higher temperature)



	Weight loss by drying
	≤5.0%



	pH
	4.0~6.0 (Measured by pressing the electrode against the IodAC soaked in water)



	Chemical durability
	Strong in acid

Weak in high concentrated alkaline, alcohol, org. solvents, reductants



	Adsorption capacity
	I2 30 g/AC 100 g (for IodAC(30))



	Corrosive
	Low < 0.02 mmpy (SUS316 in seawater)



	Solubility in water
	Iodide (I−) < 0.05%, elementary iodine (I2) < 0.05%



	BET surface area
	1620 m2/g



	Pore volume and size
	Pore volume of 0.6 mL/g, <2 μm pore; pore volume of 0.75 mL/g, <30 μm pore



	Ash
	≤2.0











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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