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Abstract

:

Many factories were built and scattered around the farmlands in Taiwan due to inappropriate land use planning. Illegal effluent discharge of high concentration of metals from the nearby factories has been threatening the farmlands, causing damages to agricultural production, food safety, and human health. Sampling was mostly responsible for monitoring the water quality of the agricultural environment; however, the analysis is of high cost and time consuming. Due to uneasy controlled environmental factors (i.e., illegal effluents) and time-consuming and expensive traditional analysis techniques (i.e., atomic absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS), inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS)), we develop a fast-screening method, which is the combination of ion exchange resins and the portable X-ray fluorescence (XRF) spectroscopy to identify the source of contaminants in a mixed industrial and agricultural area in Taoyuan County, Taiwan. The time-lapse ion exchange resin sachet (TIERS) is a non-woven bag that is filled with resins and placed in the irrigation channels for continuously absorbing the metal and trace elements in water. The standardization ratios of Cu/Sr and Zn/Sr were calculated as the pollutant indicators for fast-screening the highly polluted sites of exceedance probability of 2.27% in the monitoring area. The TIERS is verified to detect the metal and trace element concentration in an efficient and sufficient way.
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1. Introduction


Many studies have confirmed that human factors and rapid urbanization can majorly affect soil pollution [1,2]. As the population densities and freshwater resources are unevenly distributed, farmers attempt to use wastewater from different human activities (i.e., industrial, commercial, and domestic activities) for crop irrigation [3]. Wastewater usage for crop irrigation has certain advantages, such as saving freshwater and fertilizers, providing essential macronutrients (N, P, and K), increasing crop yield, and reducing water contamination and crop production cost [4,5,6,7]. However, there are some drawbacks of using wastewater, including soil hardening and heavy metal contamination in soil, shallow groundwater, and crops [4,8,9,10,11,12,13,14]. The most concern is that the accumulation of these elements in soils by the repeated addition of sludge, wastes, animal manures, and fertilizer products. Metals in water that are absorbed by soils and crops in the irrigation area can be transported via sewage irrigation and further influence the food chain [15,16,17,18]. Heavy metals are hazardous to the environment and human health, as the metals can accumulate in organisms or human bodies via the food chain [19]. The heavy metal contaminated soil poses human health risks via food crop consumption, and the continuous accumulation of heavy metals in human bodies can cause disorders in the physic-biochemical processes [20,21,22]. During past decades, heavy metal pollutions have been gradually emerging [23,24] and the irrigation sources greatly affected the heavy metal distribution in soil [15]. The long-term sewage irrigation would increase the organic matter in soil and result in high pollutant contamination in top soil layer (0–30 cm) and deeper soil layer (40–70 cm) [17]. Moreover, when the capacity of the soil to retain metals is reduced, metals with relative higher mobility can migrate in deeper soil and further contaminate groundwater by percolation [25].



Many studies have been done to evaluate the metal contamination in water that receives untreated domestic wastewater and industrial effluents [6,26,27,28], and also to characterize the metals in soils, groundwater, plants, and yields, as affected by long-term irrigation with industrial wastewater in Pakistan [28,29], Italy [30], India [6,31], Tunisia [26], Turkey [32], Egypt [33], China [15,16,17], and Zimbabwe [20]. The environmental forensic science refers to the combination of geochemistry, environmental transport and diffusion models, and various analytical methods (i.e., chemical fingerprint analysis technique, satellite and aerial photography, statistical methods, numerical models, etc.) to investigate the relationship between the characteristics and sources of pollution, and to further identify who should be responsible for the pollution. Many techniques have been used to detect metal, including atomic absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS), inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS) [34]. They have some advantages (i.e., high sensitivity and high selectivity), while their disadvantages are expensive instrumentation and biomolecule reagents, complex sample pretreatment, long detection times, and being incapable of in situ detection [35,36,37].



X-ray fluorescence (XRF) spectrometry is a well-established analytical technique, and it has been applied for qualitative and quantitative analysis of a wide range of substances. The XRF spectrometry provides the elemental composition of the substances in forms of material or solution by showing the emitted fluorescence signal. It is known for rapid speed and the ease of use. Many studies have been done to determine the soil pollutant concentrations by using XRF techniques [35,38,39,40]. Moreover, the ion exchange method has been widely used for water purification and wastewater treatment, especially in the recycling process of Chromium(III), Copper(II) sulfate, and Nickel(II) sulfate from the electroplating effluents [41,42,43]. As the ion exchanger has ionogenic groups to which counter ions can be bound, the ions of same electric charge are exchanged when the liquid is contacted with the ion exchanger as the ion exchange reaction. While taking away positive or negative charge, the resins release equivalent charge into liquid phase without changing the resin structure. There are two general types of ion exchange resins: cation exchange resins and anion exchange resins. Common cations include Na1+, Ca2+, Mg2+, Fe2+, and H1+, while common anions include Cl1−, SO42−, and OH1-. Exchange capacity is the amount of impurity that resin is capable of removing. As the cation resin is denser than the anion resin, the cation resin has larger exchange capacity (2.0–2.5 eq/L) than the anion resin (1.2–1.3 eq/L) [43]. The ion-exchange membranes were also used for monitoring the nutrient release from flooded soils [44]. The resins have good exchange characteristics for metal ions, and high ion exchange capacity and efficiency, and fast reaction rate, being developed as adsorbents of low cost and high efficiency [45,46,47,48].



Due to inappropriate land use planning in Taiwan, the enterprise effluent discharge system and the agricultural irrigation water system were usually not completely separated. Contaminants from illegal effluent discharges were often detected in irrigation water and then transported into farmlands through rivers. Those illegal effluent discharges are hardly identified the discharging sources, as they are characterized by short lag-time, wide range of dispersion, irregular and inconstant discharge, and high concentration of pollutants. Thus, there is an imminent need to develop an effective and quick method to detect any illegal effluent discharges. In this study, we first exanimate the adsorption rates of ion exchange resin to different metals and trace elements (Cu, Zn, Ca), and to further establish the resin detection modules in the XRF. The time-lapse ion-exchange resin sachet (TIERS) is designed as a non-woven bag that is filled with the resin, and placed in the irrigation ditches for validating the feasibility of this fast-screening method. The analytical results of TIERS reflect the accumulated amount of metals and trace elements as the time-lapse sachet records all effluents passing through the resins during the monitoring period. The field monitoring TIERS results would be useful for screening the potential contamination sections from a vast area and in further identifying the hotspots to trace back the illegal effluents.




2. Materials and Methods


2.1. Design of Time-Lapse Ion Exchange Resin Sachet (TIERS)


An ion exchange is the reversible exchange of ions between a liquid and a solid substance (called a resin). In this study, a sodium-type cation exchange resin is chosen due to its high affinity for metals and trace elements. The cation exchange resin (Purolite C100), as produced from Purolite (website: https://www.purolite.com/), is a gel-type strong acid cation exchange resin that is primarily used in coflow regenerated industrial softening or when regenerated with mineral acids in cation stage of demineralization plants used in industrial water treatment. Table 1 shows the physical characteristics of the resin.



The time-lapse ion exchange resin sachet (TIERS) was designed to detect the in-situ unusual pollutant discharge in a continuous, time-, and cost-efficient way. A TIERS is a package of non-woven fabric that is filled with 20 g of resins (Figure 1a). The non-woven fabric is used as the covering material, as it has good permeability for cation exchange without containing any elements that would affect the experiment results (Figure 1b), and the plastic shell (Figure 1c) is used to prevent the resin sachet that is punctured by sharp objects in rapid streamflows. The resin sachets are placed in the field for continuous seven days as time-lapse sachets to accumulate the amount of metal and trace elements in the flows at the specific site/location during the monitoring period. It should be noted that the concentration of metal and trace elements that are detected by the XRF indicates the amount of metal and trace elements in the resin. It does not fully depict the concentration of metal and trace elements in water at any point of time, or cannot present the average water concentration during the monitoring period. After the monitoring period, the TIERS is taken back to the laboratory for XRF detection. The plastic shell will be reused for the next field sampling until it cannot be reused. The used resins and the un-reused plastic shell will be disposed as plastic recycled trash.




2.2. X-ray Fluorescence (XRF) Spectrometry


X-ray fluorescence (XRF) spectrometry is a non-destructive detection method that is commonly used for detecting the concentration of various trace elements contained in the environmental soil [49]. In this study, we used a portable XRF (model: Olympus DELTA Professional DPO-6500), which has already-built soil detection modules to detect the concentrations of 26 metal and trace elements in soils, including Hg, Pb, Cr, As, Zn, Cu, Ni, Cd, P, S, Cl, K, Ca, Ti, Mn, Fe, Co, Se, Rb, Sr, Zr, Mo, Ag, Sn, Sb, and Ba. Furthermore, we developed the resin detection modules in the portable XRF for detecting the metal and trace elements that are adsorbed in resins.



Before developing the resin detection modules, the relationship between adsorption by resins and XRF detection values needs to be constructed. Thus, the Itrax XRF core scanner (XRF-CS) was used for laboratory analysis. The Itrax XRF-CS, which is a unique multi-function scanner for core examination, is commonly used for geological research, and it can detect the element profiles of sediment core. Raychaudhuri et al. [50] used the Itrax XRF-CS to analyze the exposure time of resins in laboratory and field survey. Their results showed that resin samples can be measured in approximately 20 s and identified pollution hot spots in a rapid way. However, the Itrax XRF-CS is a large desktop instrument and the analyzing cost is too high to handle a huge number of samples. Therefore, we used the laboratory experiment results and blank resins as the resin reference standards to establish a specific resin detection module in a portable (XRF) spectrometry, which can be handy for in-situ experiment and detecting the resin samples in short time (180 s). As the XRF itself has a limit of detection (LOD), which is the minimum concentration of the substance contained in the sample to be detected, the LOD is calculated by detecting the slope of the standard curve of the blank resin sample. Therefore, the concentration less the LOD cannot be quantified.




2.3. Preparation for Resin Detection Modules in XRF


The Jar-test of resin adsorption was conducted in the laboratory. The purpose of analyzing the adsorption concentrations in the resins was to develop the resin detection module in the portable XRF. We first examined those two metals and Ca for their resin adsorption rate, since Zn and Cu are generally regarded as target heavy metals in Taiwan. Calcium is commonly seen in natural water. Geological conditions influence the Ca concentration, and it is positively correlated with the flow discharge. Thus, Ca was also examined. First, we prepared standard water samples of different concentrations of metal and trace elements according to the effluent standards of Taiwan EPA. Both of Taiwan EPA standards for Zn and Cu are lower than the standard limits of irrigation water by the US and WHO, which are 2.0 mg/L and 0.2 mg/L for Zn and Cu, respectively [51,52]. Four levels of Zn, Cu, and Ca concentrations in one liter of water were prepared (Table 2). The Jar-Tester was used to stir the water that was mixed with 20 g of resins at four levels of stirring speeds (V1: 50 rpm, V2: 100 rpm, V3: 150 rpm, V4: 200 rpm) for different time intervals (1, 2, 3, 5, 10, 20, 30, 60, 120 min). After jar-testing at different time intervals, the water samples and resins were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES, Model: Thermo Scientific iCAP 7000 series) for the metal and trace element concentration left in water, and by the Itrax XRF-CS for the detection counts, respectively.



According to the law of conservation of mass, the amount of metal and trace elements that the resin can absorb can be calculated by the concentration of metal and trace elements in the water. The resin detection modules in the portable XRF were established based on the relationship between the amount of metal and trace elements absorbed in the resins and the detected values (XRF-CS counts) by Itrax XRF-CS. The resin adsorption rate in water is calculated, as shown in Equation (1), and the amount of absorbed metal and trace elements in the resins is calculated, as shown in Equation (2).


R=Ci−CfCi×100%



(1)




where R is adsorption rate (%); Ci and Cf are initial concentration in water (mg/L) and final concentration in water (mg/L) at the time interval of concern, respectively.


CR=(Ci−Cf)×Vw ×1000 WR



(2)




where CR is the concentration of metal and trace element in the resin (mg/kg); Vw is the water solution volume (1 L); and, WR is the resin weight (20 g); 1000 is the conversion coefficient (1000 g/kg).




2.4. Field Application


We placed the resin sachets in selected irrigation channels of the Dayuan and Dachu regions in Taoyuan County, where it has been exanimated for high proportion of metal contaminated agricultural lands, in order to test the performance of the resin sachets in the environment. Three sampling batches were conducted in 2016 during July–August, September–October, and November, respectively. The sampling period of each batch lasts for 21 days. At the beginning of the sampling period, the resin sachets were placed at selected sites in the irrigation channels (Figure 2). For each site, three resin sachets were placed at the upstream, middle and downstream of the site for seven days. After seven days, the old resin sachets were taken back to the laboratory and the new resin sachets were placed at the same locations for another seven days. This recycling procedure was repeated for three times in a sampling batch.



A total of 60, 26, and 14 sites were selected for the first, second, and third sampling batch. Thus, three recycling procedures of the first batch for 60 sites (ca01–ca60) were conducted during 28–29 July, 4–5 August, and 11–12 August, respectively. The 26 sites for the second sampling batch include one new site (ca61) and 25 old sites screened from the first sampling batch. Three recycling procedures of the second sampling batch were conducted on 30 September, 7 October, and 14 October, respectively. 14 new sites (ca01y–ca09y, and ca11y–ca15y) were selected for the third sampling batch due to suspicious discharge from the factories, and the recycling procedures were conducted on 4, 11, and 18 November, respectively. During the third batch, nine sites (ca01y–ca09y) were selected for the first two recycling procedures, and five sites (ca11y–ca15y) were selected for the last recycling procedure Table 3 shows the number of recycled resin sachets and the recycling rates. It should be noted that the resin sachets were usually closely bound to the discharge pipe and could be sometimes flushed away or cut by the factory staffs to avoid being detected. During 21 days of sampling batch, the overall recycling rate for each batch was 78.15%, 82.48%, and 81.16%, respectively.



The resin sample that is taken back from the field must be washed with distilled water, and dried at room temperature. After being dried-out, the resins were taken out from the non-woven bag and placed in the container of XRF for analysis. The detection time for one resin sample only takes 180 s. A total of 26 metal and trace elements were detected, and only Cu, Zn, Ca, and Sr were used for further analysis of concern in this study. Sr was discussed in the field analysis, as it is naturally stable in environment. Moreover, the ratio of Sr to Ca is often discussed in marine elements, coral skeletons, and fish gill for the isotope dating and the impact of climate change [53,54,55]. Thus, the ratio of Sr to Ca was calculated to ensure the stability in the monitoring sites and further determine the reference element for eliminating the flow effect on metal accumulation in resin.





3. Results and Discussion


3.1. Development of Resin Detection Modules in XRF


The resins are usually used to remove undesirable ions from a liquid and substitute acceptable cations or anions from the resins until equilibrium is reached. The mass action law with the selectivity coefficient (K) of resins describes this equilibrium. The resins tend to exchange ions with ions with high electric charge, ions with smaller hydration volume, ions with greater polarity, ions with active exchanger, and ions that do not easily form compounds with other ions. As the exchange efficiency of the resins is usually affected by pH, temperature, initial metal concentration, and attaching time [56,57], many studies have conducted the ion exchange equilibrium tests of heavy metal with varying metal ion concentration, pH, agitation time, resin weight, and reaction temperature [58,59]. They analyzed the ion-exchange equilibria by the various isotherm models (i.e., Langmuir, Freundlich, Redlich–Peterson, selectivity coefficient approaches), and regressed the ion-exchange kinetic data by different kinetic models (i.e., pseudo first-order, second-order, reversible reaction model).



The Jar-Tester with different stirring speeds was examined to evaluate the resin adsorption rates. Figure 3, Figure 4 and Figure 5 show the experimental results of the resin adsorption rates for Zn, Cu, and Ca. It shows different reactions of the ion exchange resins for element types and water concentrations, in terms of the adsorption efficiency. The adsorption rate increased by time, indicating that resins can record the decreasing trends of metal and trace elements in water as long as water can freely pass through the resins. Except for the highest concentration (C4), at the stirring speeds of V2, V3, and V4 the adsorption rates could reach above 80% after 120 min., and especially the adsorption rate could reach above 80% after 60 min. at the highest stirring speed (V4). It was because the cation exchange resin was not saturated and its adsorption efficiency did not affect by the competence among different metals and trace elements. It was noted that except for high Ca concentration (C4) at the highest stirring speed (V4), the adsorption rates for the highest concentrations (C4) after 120 min. of jar-test were mostly below 60% at any stirring speed. This result is in agreement with the study [59] that adsorption decreased with increase in metal concentration. Moreover, the adsorption rates were relatively low for any concentrations, ranging between 20–40% after 120 min. at the slowest stirring speed (V1). Both of the observations indicate that the resins need more time (at least more than 120 min) to absorb metal and trace elements in water when the water concentration is high and the environmental flow is slow.



The amount of metal and trace elements absorbed in the resins was calculated as the initial water concentration minus the final water concentration at the time of concern, and then converted into the unit of amount of metal and trace elements in one kg of resins. The relationships between the adsorption by resins and Itrax XRF-CS detection value (count per second, cps) can be found in Figure S1. The coefficient of determination for Zn, Cu, and Ca was greater than 0.98, which indicated that the excellent linear relationships were reliable for developing the resin detection modules in the portable XRF. The resins in the hydrogen form H+ and sodium form Na+ are strongly acidic resins. Resins in the hydrogen form can remove all cations from solution, while resins in the sodium form cannot remove other monovalent cations (i.e., K+, NH4+). The resin adsorption capacity increases with increase in pH of the aqueous solution [59]. Usually, the solubility and stability of metals of interest in a wide pH range could be identified by using potential-pH (also known as Eh-pH or Pourbaix) diagrams, which are constructed under the assumption that the system is in equilibrium with water and it can also describe the effects of complexes, temperature, and pressures [60,61].




3.2. Field Monitoring Results


Environmental forensic identifies the sources and transmissions of pollutants via water, air, soil, and organism, and the effects of pollutants on human health and the environment. Environmental forensic applications include the identification of the source of oil products [62,63], anthropogenic and geogenic methane [64], total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAH) [65], and nitrate for protecting drinking water [66]. Moreover, Arefin et al. [67] identified the source of lead (Pb) by comparing the Pb concentration to other elements (i.e., Sb and Sn), and showed that more than 80% of lead in the residential areas came from the battery plants. Studies have shown that the desorption processes could influence the fate of trace elements in natural environment [68,69], and the emission source and aging time in the soil could influence the reactive fraction of metals [70]. Thus, the ratio between natural suspended particulate matter (SPM) and solution, the aging effect of the complex, and the combination of sorption and desorption times should be considered when studying the sorption and desorption kinetics of the trace elements [71,72,73]. In this study, the TIERS technique was applied to quantify the accumulated metal concentration in the resin sachet during the monitoring period. It should be noted that the adsorbed metal could be from many sources, including the factory effluent, substrate sludge, flushed contaminated soil from upland, and labile solid-phase metal. At this stage, the resin sachet is used to detect the illegal effluent discharge and further analysis on the sources of metal could be done in the future work.



During three sampling batches (July–August, September–October, November 2016), a total of 422, 193, and 56 resin samples were collected with the recycling rates of 78.15%, 82.48%, and 81.16%, respectively (Table 3). The resin samples were pretreated and analyzed for the metal and trace element concentrations by XRF. Table 4 and Figure S2 show the ranges of different metal and trace elements (Zn, Cu, Ca, and Sr) concentrations during nine sampling periods (three recycling procedures for each batch) from July to November 2016. For most of the monitoring periods, the median concentrations of Zn and Cu were lower than the mean concentrations, which indicated that more than 50% of the resin samples have lower concentrations than the mean concentrations and few samples have extremely high concentrations. For example, the median (and mean) concentrations of Zn were 4.2–10.3 mg/kg (mean: 6.25–13.75 mg/kg), 13–13.8 mg/kg (mean: 14–16.98 mg/kg), and 3.6–12.3 mg/kg (mean: 4.67–28.98 mg/kg) for the first, second, and third sampling batches, respectively. The median (and mean) concentrations of Cu were 2.7–3.7 mg/kg (mean: 4.32–6.79 mg/kg), 5–5.8 mg/kg (mean: 7.24–10 mg/kg), and 10.35–30.1 mg/kg (mean: 52.98–123.8 mg/kg) for the first, second, and third sampling batches, respectively.



Table 4 describes the descriptive statistics for Zn, Cu, Ca, and Sr of resin samples for each sampling batch and entire sampling period. Generally, Ca and Sr could be detected for all samples, while 26 and 200 samples were detected that their Zn and Cu concentrations were smaller than the LOD (limit of detection) in XRF, respectively. As mentioned above, the resin sampling sites for the second batch were decided from the analysis results of the first batch. Thus, the mean and median of the Zn and Cu concentrations in the second batch were expected to be higher than those in the first batch. Moreover, it was found that the variations of Zn and Cu concentrations (standard deviation: 21.33 mg/kg and 170.85 mg/kg, respectively) in the third sampling batch were the greatest when compared to the first and second batches (Table 4). It was mainly because the resin sampling sites for the third batch were chosen for the purpose of detecting effluent discharge from the suspected factories. An extremely high Cu concentration of 823.00 mg/kg was noted, which indicated an abnormal discharge contained with extremely high Cu concentration happened during the monitoring period. In this study, the observed metal sorption in resins showed the relative pollution levels among these sampling sites. The metal fluxes and kinetic processes could be measured by using the technique of diffusive gradients in thin films (DGT), as the amount of metal in soil solution could be influenced by the kinetics of metal in sandy and silty soils with lower pH, as suggested by Zhang et al. [74].




3.3. Standardization of Zn and Cu by Sr


When considering the influence of water effluent, resins could adsorb more ions, as more water flows through the resin sachet. Thus, the ranges of Ca and Sr concentrations could reflect the characteristics of the effluents during the monitoring period at different sampling areas. In Table 4, the mean Ca concentration ranges were 36,475.74–46,944.43 mg/kg, 36,806.91–38,991.11 mg/kg, and 27,839.67–41,038.67 mg/kg for the first, second, and third sampling batches, respectively. The mean Sr concentration ranges were 430.29–555.97 mg/kg, 361.85–423.34 mg/kg, and 325.23–431.67 mg/kg for the first, second, and third sampling batches, respectively. Moreover, the ratio of Sr to Ca for each sampling batch was quite stable, with an average ratio of 0.0115 (Table 5). Thus, a very good positive relationship between Ca and Sr (R2 = 0.8953) was found for the entire monitoring period, with the mean Ca and Sr concentrations of 39,078.16 mg/kg and 446.73 mg/kg, respectively (Figure 6 and Table 4).



Both Ca and Sr could be used as a reference because of their stable amount in the environment. However, Ca is usually of high magnitude of concentration, while Sr has a relative similar magnitude of concentration with the metals of concern in the environment. We calculated the standardization ratios of the target metals to Sr (e.g., Zn/Sr or Cu/Sr) as the pollution indicators, in order to eliminate the effect of effluent on the accumulated metals (Zn and Cu) in the resins. Table 6 shows the descriptive statistics of Zn/Sr and Cu/Sr for each sampling batch. The suggested threshold to identify the highly polluted sites of exceedance probability of 2.27% in a specific sampling batch and monitoring period was calculated as the mean value plus two times of the standard deviation. It should be noted that the thresholds for different metals may change depending on the selected sampling sites, the number of resin samples, characteristics of the monitoring area, and monitoring period and length, etc. Thus, the thresholds for Zn/Sr varied between 0.1161 and 0.2107, while an extremely high threshold for Cu/Sr was applied for the third sampling batch, as the sampling area was known for suspicious factories.



By standardizing the metal concentrations, the effect of water flow can be ignored. A total of 14, 11, and 4 resin samples were identified as highly polluted sites, based on the suggested thresholds for different sampling batches (Table 7, Table 8 and Table 9). For the first batch, four sites (ca09u, ca15u, ca21m, ca53u) exceeded both thresholds; especially the site (ca21m) values were 5.5 times of the thresholds. Moreover, three sites (ca07, ca21, ca46) found frequently exceeded the thresholds of Zn/Sr and Cu/Sr, indicating frequent effluent being discharged to the sites during the monitoring period. For the second batch, two sites (ca26 and ca60) exceeded both of the thresholds. Three sites (ca21, ca26, ca60) were frequently found to exceed the thresholds. For both first and second batches, high values of Zn/Sr and Cu/Sr were found at four sites (ca21, ca26, ca46, ca53), indicating that further investigation on the nearby activities is needed to identify the source of pollutants. The variations of Zn/Sr and Cu/Sr values of the same sites of different sampling locations or during the different monitoring period indicate diffident contamination level of each element throughout the monitoring region and unpredictable effluent discharged from nearby factories. Therefore, more sampling batches are needed to provide evidence of frequently effluent discharge from some specific factories.



For the third batch, three sites (ca05y, ca07y, ca12y) were found that their Zn/Sr and Cu/Sr values exceeded the thresholds. These sites were located at factory channel outlets, from which a large amount of wastewater discharge containing a high Cu concentration is highly possible. When compared to the first two batches, the Cu/Sr values of the two sites (ca05, ca12) during the third batch were extremely high. Such abnormal Cu concentrations confirmed that the nearby electronic factory was the pollutant source. In previous study in Taiwan, untreated wastewater with high concentration of metals were found to be illegally discharged from a semiconductor factory in Kaohsiung and an electroplate factory in Changhua, respectively [75]. These unscrupulous factories illegally discharge untreated wastewater via concealed piping during heavy rainfall events or nights. The effluent discharge of high concentrations of heavy metals from the industry has been threatening some farm lands, food safety, and human health.



Anthropogenic sources generally have higher reactive fraction than geogenic metal forms [70]. Different land use types [76] and spatial variations in land use pattern [77,78] have been reported to influence heavy metal contamination in soils. Kriging interpolation and spatial regression models are broadly applied to analyze the relationship between metal concentrations and possible influencing factors, as the soil heavy metal concentrations are related to their neighbors and potential sources rather than being independent of each other [78,79,80,81]. However, the evidence of location accuracy from potential sources is still insufficient [78]. Therefore, we were able to accurately identify the location of direct discharge sources and the amount of discharged metal concentrations to reflect the metal pollution in water under the impacts of effluent discharge from the factories.





4. Conclusions


The time-lapse ion-exchange resin sachet (TIERS) and portable XRF were used for fast-screening the hot spots of suspected pollutant areas where illegal effluent discharges are irregular and inconstant with a wide range of dispersion in order to effectively and quickly detect the illegal effluent discharges. The examined ion exchange resin (Purolite C100) has rapid and powerful cation exchange capacity. Except for high concentration (C4), the adsorption rates were found to increase by time and to reach above 80% after 120 min. However, the adsorption rates were low (20–40%) even after 120 min. at the slowest stirring speed (V1). Both of the observations indicate that the resins need more time to absorb contaminants in water for the conditions of high water concentration and slow environmental flow. Therefore, duration of monitoring period and amount of water flow at the monitoring site should be considered for field implementation.



The time-lapse ion-exchange resin sachet (TIERS) was designed as a non-woven bag that was filled with the resin, and was placed in the irrigation ditches for validating the feasibility of this fast-screening method. The analytical results of TIERS can reflect the accumulated amount of metals and trace elements, as the time-lapse sachet records all of the effluents passing through the resins during the monitoring period. Both Ca and Sr are relatively stable trace elements in natural water, and they can reflect the amount of water passing through the resin sachet. Due to the similar magnitude of Sr concentration with target metals, Sr standardized the target metals (Zn and Cu) in order to eliminate the effect of effluent on the accumulated metal in the resins. Those standardization ratios were used as pollution indicators for fast-screening the highly polluted sites of exceedance probability of 2.27% in a specific sampling batch. This TIERS technique could quickly and effectively detect the hot spots from a vast area, and it would be useful for providing scientific evidence of factories that discharge illegal intermittent metal effluent during night time or holidays. The advantages of using the TIERS technique and portable XRF are low cost and high efficiency, and it is suitable for a wide investigation field. It is suggested that different resin types and metal detection techniques could be examined to improve the analytical accuracy of metal concentration and the metal adsorption rate in resin, and further identify the sources of metal.
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Figure 1. Time-lapse ion exchange resin sachet (TIERS) (a) Resin; (b) Resin sachet; and, (c) Resin sachet in a plastic shell. 
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Figure 2. Placement of resin sachets in Taoyuan. 
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Figure 3. Adsorption rates of zinc in ion exchange resin. Note: V1, V2, V3, and V4 are the stirring speeds of 50 rpm, 100 rpm, 150 rpm, and 200 rpm, respectively; C1, C2, C3, and C4 are zinc concentrations of 0.5 mg/L, 5.0 mg/L, 50 mg/L, and 100 mg/L, respectively. 
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Figure 4. Adsorption rates of copper in ion exchange resin. Note: V1, V2, V3, and V4 are the stirring speeds of 50 rpm, 100 rpm, 150 rpm, and 200 rpm, respectively; C1, C2, C3, and C4 are copper concentrations of 0.3 mg/L, 3.0 mg/L, 30 mg/L, and 60 mg/L, respectively. 
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Figure 5. Adsorption rates of calcium in ion exchange resin. Note: V1, V2, V3, and V4 are the stirring speeds of 50 rpm, 100 rpm, 150 rpm, and 200 rpm, respectively; C1, C2, C3, and C4 are the calcium concentrations of 2 mg/L, 20 mg/L, 100 mg/L, and 200 mg/L, respectively. 
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Figure 6. Relationship between Ca and Sr in resin samples. 
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Table 1. Characteristics of the sodium-type cation exchange resin.
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	Item
	Description





	Product name
	Purolite C100



	Application
	Softening, Demineralization



	Polymer structure
	Gel polystyrene crosslinked with divinylbenzene



	Appearance
	Spherical beads



	Functional group
	Sulfonic acid



	Ionic form
	Na+ form



	Cation exchange capacity (CEC)
	2.0 eq/L (Na+ form)



	Moisture retention
	44–48% (Na+ fo