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Abstract:



Although they are abundantly available, the specific applicability of water treatment residues (WTRs) is dictated largely by the favorability of physicochemical characteristic properties and mineralogical composition. We have suggested that WTRs have a high potential for remediation application. In addition, the relevant properties that define the beneficial reuse of WTRs may be widely variable due to the influence of the dose, type of coagulant/softening agent, and quality of source water. This study investigated the physical, chemical, agronomic, and mineralogical characteristics of three different types of WTRs that were collected from treatment plants in the Midwestern U.S, in order to compare and assess their suitability for remediating impacted ecosystems, such as abandoned mine lands (AML). An analysis of the results showed that the differences in the properties of the WTR samples were significant. The total metal concentrations by inductively coupled plasma mass spectrometry (ICP-MS) revealed the abundance of Fe, Al, Mn, Cu, and other co-occurring metals. The leachability of metal(loid)s, regulated under the Resource Conservation and Recovery Act (RCRA 8 metals), were below their respective US Environmental Protection Agency (EPA) allowable limits of 5.0, 100, 1.0, 5.0, 5.0, 0.2, 1.0, and 5.0 mg/kg, indicating that the WTRs were non-hazardous to the environment. Comparatively, the Al-WTR showed a significant release of arsenic (As), possibly from livestock waste and pesticide application from farms in the catchment area of the raw water source. The WTRs were alkaline (potential of hydrogen [pH] 7.00–9.10), which suggested a high acidity-neutralizing potential. The Ca:Mg ratio was between 1:7 and 1:1.5 (meq basis), which contributed to a cation exchange capacity (CEC) range of 4.6–16.2 meg/100g. The WTRs also showed adequate capability to supply relevant plant nutrients, such as Zn, Ca, Mg, S, Cu, and Fe, although readily available concentrations of NO3-N, P, and K were generally low. Thus, the alkalinity, significant CEC, low metal concentration and the presence of X-ray diffraction amorphous phases and calcites suggested that WTRs could be safely applied as low-cost sustainable alternatives for soil improvement and remediating contaminants such as metal(loid)s in AML.
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1. Introduction


The treatment processes that are utilized in the production of potable water include coagulation–filtration, granular activated carbon, precipitative softening, ion exchange, and membrane separation. Conventional coagulation–filtration drinking water treatment processes use inorganic chemicals (coagulants), such as alum (KAl[SO4]2·12H2O) or ferric salts (FeCl3, or Fe2[SO4]3), to remove the suspended solid matter and natural organic matter in water by charge neutralization, sweep flocculation, and adsorption onto amorphous metal hydroxide precipitates [1]. Furthermore, precipitative softening plants primarily reduce hardness by raising the potential of hydrogen (pH) in order to enhance the precipitation of calcium carbonate (CaCO3) and magnesium hydroxide Mg(OH)2, using lime or soda ash. These treatment processes result in the production of byproducts known as water treatment residuals (WTRs) [2].



Mechanically dewatered residues are mostly processed for useful applications or they are disposed of by landfilling. In addition to landfilling as the major disposal method, residues may be discharged into rivers and oceans, injected in deep-wells, or diverted to on-site waste impoundments. Major setbacks to landfill disposal include tightened environmental regulations, declined public acceptance of landfill solutions, increased disposal costs, and decreased landfill capacity. The direct discharge into rivers and oceans is highly discouraged because of the potential impact on the aquatic environment. Deep-well injection, on the other hand, is comparatively cost prohibitive and can also impact underground sources of drinking water. The current high water quality requirements and high pollutant levels in source waters are responsible for the high dose application of coagulants/softeners. Subsequently, over 2 million metric tons of treatment residuals are produced daily from drinking water treatment plants in the U.S. [3]. Local availability of WTRs is an advantage to the sustainable application [4].



The major components of WTRs are soil separates, organic materials, hydrous metal hydroxides (the quantities of which depend on the type and dose of coagulant and/or liming agent that is used), and source water quality. Hence, WTRs exhibit major variabilities in physical, chemical, biological, and mineralogical composition [5,6,7,8,9,10,11]. Knowledge of the WTR material properties is, therefore, essential towards decision making for reuse. Over the last years, relentless efforts have been made toward the beneficial application of regenerated WTRs in order to help reduce the disposal volume. The current beneficial uses of WTR typically include land application for acidity correction, for agricultural or horticultural benefits, and scantily for other engineering applications [12,13,14,15]. Current studies have focused on WTRs for the removal of organic and inorganic contaminants from soil and aqueous systems. They are applied in aqueous solutions as sorbents of perchlorate, phosphate, dichromate, dyes, mercury, hydrogen sulfides, and ions of heavy metal and metalloids [5,16,17,18,19,20,21,22,23,24,25,26]. The effect of WTR application on the attenuation and mobility of phosphorus heavy metals and the metalloid arsenic in agricultural soils has also been studied extensively [3,6,7,27,28,29,30]. However, the application of WTRs for remediating mining impacted ecosystems have not received much attention. The current technologies that are used for soil and water remediation—such as vitrification, soil washing, total encapsulation, grouting, air stripping, precipitation, thermal desorption, reverse osmosis, and ion exchange—are costly, labor intensive, and require large amounts of energy resources.



Hence, the sustainable recycle and reuse of WTRs as a cost-effective and efficient alternative material for remediation of soil and water at identified abandoned mines sites. It would also provide a safe and beneficial disposal route for the otherwise solid waste, as regulated under the framework of the Resource Conservation and Recovery Act (RCRA) public law. This study has suggested that WTRs have a high potential for remediation application due to particular inherent properties and that, although WTRs may share common properties, a composition analysis of samples that were collected from different treatment facilities, would reveal significantly different levels of the relevant parameters that define beneficial reuse. WTRs samples were, therefore, collected from three drinking water treatment plants in the Southern Illinois region, in order to explore their potential for remediation application. Currently, to the best of our knowledge, no such assessments have been conducted on WTRs in the region, or on samples from the considered facilities. The study represented a useful addition to the literature by providing important information on regenerative alternatives to primary resources that are used in soil and water remediation projects.




2. Materials and Methods


2.1. WTR Sample Collection and Preparation


WTR samples were collected across the length of the dewatering ponds from three community drinking water treatment facilities in Southern Illinois in the United States, including the City of Carbondale Water Treatment Plant in Jackson County, IL; Rend Lake Conservancy District Water Treatment Plant in Franklin County, IL; and Saline Valley Conservancy District Water Treatment Plant in Saline County, IL. The City of Carbondale Water Treatment Plant utilized an alum coagulant to remove part of the total suspended solids and biochemical oxygen demand from the raw water. The Rend Lake Conservancy District Water Treatment Plant utilized a FeCl3 coagulant with CaO for precipitation and softening purposes. The Saline Valley Conservancy District Water Treatment Plant treated groundwater and produced a softening residue with high concentrations of CaO. Figure 1 shows the county map of the State of Illinois with sample sources identified by their counties.


Figure 1. County map of the State of Illinois: the counties where water treatment residuals (WTRs) were sampled, are indicated.
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For identification purposes, the alum, ferric salt/lime, and lime residues were represented by the dominant constituent element as Al-WTR, Fe-WTR, and Ca-WTR, respectively. The sampling and characterization were performed during the summer of 2015. The collected individual samples were air-dried at a room temperature of ~25 °C, on paper laid on a clean concrete floor, prior to the subsequent chemical analysis. This was because oven drying of the samples at temperatures higher than 49 °C could possibly affect the results of the extractable cation analysis [31]. The air-dried WTR samples were crushed, homogeneously mixed, and sieved through a 2 mm mesh (as shown in Figure 2) for storage and subsequent analysis. The samples were stored at an ambient temperature and the pH and electrical conductivity (EC) analysis were conducted not more than 4 weeks after sampling. The nutrient and other elemental analyses were conducted within 8 weeks of sampling.


Figure 2. (A) Dry Aluminum (Al)-WTR; (B) Iron (Fe)-WTR; and (C) Calcium (Ca)-WTR.



[image: Sustainability 10 01374 g002]







2.2. Analytical Methods


The dry WTR samples were analyzed for total ionic strength or electrical conductivity (EC), and pH using calibrated probes connected to a PASCO advanced water quality sensor (PS-2230). The pH was measured in deionized (D.I.) water using a two-point calibrated Pasco pH probe (PS-2102) with an accuracy of ±0.1 and resolution of 0.01. A WTR:D.I. water ratio of 1:2.5 (w/v) was used as an extract. The mixture was stirred with a glass rod and the WTR was allowed to settle during the 45 min contact time before measuring from the supernatant. The EC of the WTR samples was measured with a Pasco conductivity probe (10X PS-2571), in a 1:5 (w/v) WTR:D.I. water solution at 25 °C, in order to determine the concentrations of salts [32].



The specific gravity of the WTR particles was determined with a standard test method for solids, using a water pycnometer (ASTM D 854-00), where the mass of a solid sample was determined by weighing, and the volume was determined by calculation from the mass and density of water displaced by the sample. A high-resolution particle size analysis of the fine-grain WTR samples was performed by laser diffractometry using the patented Microtrac® Tri-Laser Technology Bluewave particle size analyzer. The particle size classification was based on the Wentworth scale [33]. Extractable cations in the WTR samples were measured by the neutral ammonium acetate (NH4OAC) extraction method in order to assess the amount of plant available potassium, magnesium, calcium, and sodium in each sample. Although the Na availability was generally not essential for plant growth [34], the test was required in order to diagnose sodic and sodic-saline conditions of the soil samples. The method involved shaking the sample with a solution of 1 M NH4OAc, which was adjusted to a neutral pH, after which the filtrate was analyzed for K+, Na+, Ca2+, and Mg2+ by inductively coupled argon plasma (ICAP) detection. The cation exchange capacity (CEC), which measures the quantity of readily exchangeable cations that neutralize negative charges in the soil, was then estimated through the summation of the extractable cations. It must, however, be mentioned that errors are most likely to occur in the “sum of bases” method, which is used for calculating the CEC of alkaline materials like WTRs, which contain significant amounts of free CaCO3 and high concentrations of soluble Ca. The release of calcium carbonate from the WTRs into the ammonium acetate solution limited the saturation of exchange sites by the ammonium ion, therefore, result in artificially low CEC. Hence, the reported values were treated as indexes of the relative minimum CEC rather than the quantitative measures of CEC in WTR.



The organic matter content (% of OM) in WTR samples was determined by the loss on ignition (LOI) method by comparing the weight difference before and after combustion in a furnace. The representative samples that were finer than 2 mm were oven-dried at 105 °C for 24 h. The oven-dried samples were then weighed into crucibles and combusted for 1 h at 375 °C. The representative samples of the WTRs were analyzed for concentrations of RCRA metals and other metals, including Cu, Mn, Ni, Zn, Co, Li, Fe, and Al, by inductively coupled plasma mass spectrometry (ICP-MS). Furthermore, −0.5 g samples were digested in aqua regia (a mixture of HNO3 and HCl, optimally in a 1:3 molar ratio) at about 90 °C in a microprocessor controlled digestion block for 2 h. The suite of metal analysis was performed by the Acme Labs (Bureau Veritas) commercial laboratory (http://acmelab.com). The standard deviation for the repeated analysis was consistently <8% of the mean of most of the elements, except for Hg, Ag, Ni, Li, and Al (15–28%).



The determination of plant available micronutrients, including Zn, Mn, Fe, and Cu, were determined by extraction with diethylenetriaminepentaacetic acid (DTPA), a chelating compound [35] using ICAP detection. Boron was extracted using DTPA/sorbitol with ICAP detection. Percentage carbon and percentage nitrogen were determined by combustion, using a Thermo Scientific Delta V Plus isotope ratio mass spectrometry (IRMS) with a dual inlet and Conflo IV interface connected to a Costech 4010 elemental analyzer (EA) at Southern Illinois University analytical chemistry laboratory. The water soluble, inorganic nitrate–nitrogen (NO3–N) was determined by the reduction of nitrate in a segmented flow analysis (SFA) system. The phosphorus in the WTRs was determined after the Olsen—or bicarbonate—and the Bray extraction tests. In the Olsen technique, the dry WTR samples were extracted with a weak solution of NaHCO3, which was adjusted to pH 8.5, whereas the Bray extraction test used a mild acid with ammonium fluoride, followed by colorimetric detection. Technically, the Olsen and Bray approaches only extracted a portion of total sample P, and were therefore treated as indexes of relative WTR sample P availability, rather than the quantitative measures of P content [36].



The bulk mineralogical data of randomly oriented WTR powder samples was (e.g., the authors of [37] described using X-ray diffraction [XRD] patterns from a Rigaku Ultima IV X-ray diffractometer with CuKα radiation) and intensity data were collected in the 2θ angular range of 2°–60° with a scanning step of 0.02°, using Cu-Kα radiation. The identification of mineral phases was conducted by comparing calculated d-spacing values with published crystal structure data [38].





3. Results and Discussion


3.1. Physicochemical Analysis


The analytical results of the selected properties of the WTR samples are shown in Table 1. The measured pH of WTRs ranged from 7.0 to 9.1. Specifically, the Ca-WTR and Fe-WTR samples were higher than typically reported pH ranges of WTRs mostly between 5.10 and 8.00 [11,39,40]. The alkaline pH of the Ca-WTR (pH ~9.1) and Fe-WTR (pH ~8.4) produced a high acid neutralizing potential. The effect of drying on the particle size characteristics of the collected Al-WTR sample, in particular, was found to be significant, as dried samples formed hard, stable, and coarse aggregates. Hence, the particle sizes of the Al-WTR were not determined, as it would not have been representative. The textural analysis (shown in Figure 3) of Ca- and Fe-WTRs showed 76.1% and 75% of silt, respectively, in the Wentworth grain size range of 0.39–63 microns. The Ca-WTR recorded 12.5% fine sand particles, which was more than Fe-WTR, which recorded 5.0%. Since coagulants enhanced settling of fine particles out of the solution, the residues were expected to exhibit high clay and silt fractions. However, fine particles coagulated into larger stable aggregates (flocs), which became stable and coarse once dried, through the influence of interparticle bonds. The particle size analysis was not performed for the Al-WTR, because of the formation of a coarse texture when air-dried although, it was likely that the dried Al-WTR would disintegrate into its constituent fractions when in contact with water for a longer period. Such scenarios might lead to the clogging of the soils pores and result in reduced hydraulic conductivity and water retention in soils that were amended with Al-WTR. According to Titshall and Hughes [11], this might increase the reactive sites for the release of potentially toxic elements from the WTR into the soils systems.


Figure 3. Particle size distribution of WTRs.
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Table 1. Relevant properties of three Southern Illinois water treatment residues (WTRs).





	
WTR Sample

	
pH (Std. Units)

	
EC (µs/cm)

	
Particle Density (g/cc)

	
Soil Texture (%)




	
Fine Sand

	
Silt

	
Clay






	
Al-WTR

	
7.00

	
412.0

	
1.54

	
und

	
und

	
und




	
Ca-WTR

	
9.10

	
321.3

	
2.47

	
12.5

	
76.5

	
11.0




	
Fe-WTR

	
8.40

	
675.5

	
2.32

	
5.0

	
75.0

	
20.0








Potential of hydrogen (pH) = 1:2.5 (w:v; soil:water); electrical conductivity (EC) = 1:5 (w:v; soil:water); und—undetermined; Al-WTR—Aluminum-WTR; Fe-WTR—Iron-WTR; Ca-WTR—Calcium-WTR.








The EC of the WTRs (0.32–0.67 dS/m) were within the reported ranges of 0.22–1.10 dS/m for 17 Oklahoma WTRs [41]. The samples were also analyzed for soluble salts; a measure of the salt concentration that the WTRs could induce in a solution. Soluble salts in the WTRs were between 0.5 and 0.9 dS/m, with the Fe-WTR indicating the highest, primarily as a result of the ferric salt coagulants that were used in the water treatment process at the plant, which produced the Fe-WTR. However, the effect of salinity could be considered to be negligible if the analysis of soluble salts was less than 1.0 dS/m. It is important to ensure that the amendment of WTRs to soil does not result in soluble salts that exceed 1.0 mmhos/cm, so as to avoid the effects on salt-sensitive plants, or 2.0 dS/m, at which salt-tolerant plants would be required. The WTRs, therefore, did not pose potential problems that would have compromised plant health and yield when it was applied to soils.




3.2. Total Metal Analysis


The quantitative determination of the major elemental composition of the WTRs is shown in Table 2. There were significant variabilities in the chemical composition of the WTRs, as was suggested. The analytical results of the metal concentrations of the three WTR samples indicated Ba and As as the dominant regulated RCRA 8 metals, whereas Hg and Ag were found in negligible amounts. The significant abundance of heavy metals in the WTRs included Fe, Mn, Al, and Cu. Comparatively, the concentrations of heavy metals in the Ca-WTR was found to be the lowest. Trace elements of some rare earth elements were also observed, including La, Sc, Nb, Y, and Ce, in all of the WTRs.


Table 2. Total heavy and trace metal concentrations in the water treatment residue samples ± S.D. (standard deviation). RCRA—resource conservation and recovery act.





	
Metals (RCRA)

	
Mean Concentration in mg/kg ± S.D.






	
WTR sample

	
As

	
Ba

	
Cd

	
Cr

	
Pb

	
Se

	
Hg

	
Ag




	
Al-WTR

	
69.60 ±3.25

	
164 ± 6.01

	
0.09 ± 0.01

	
5.35 ± 0.07

	
5.84 ± 0.12

	
1.45 ± 0.21

	
0.02 ± 0.00

	
0.03 ± 0.00




	
Ca-WTR

	
18.10 ± 0.28

	
96.10 ± 1.76

	
0.18 ± 0.01

	
2.00 ± 0.14

	
0.36 ± 0.02

	
0.20 ± 0.00

	
<0.01

	
0.01 ± 0.00




	
Fe-WTR

	
9.15 ± 0.21

	
126 ± 2.75

	
0.12 ± 0.01

	
20.1 ± 0.77

	
7.04 ± 0.12

	
0.45 ± 0.07

	
0.01 ± 0.01

	
0.03 ± 0.00




	
Metals

	
Mean concentration in mg/kg ± S.D.

	
(%)




	
WTR sample

	
Cu

	
Mn

	
Ni

	
Zn

	
Co

	
Ca

	
Fe

	
Al




	
Al-WTR

	
46.20 ± 2.36

	
5283 ± 42.42

	
16.70 ± 0.35

	
47.30 ± 3.74

	
3.65 ± 0.21

	
0.36 ± 0.01

	
0.58± 0.00

	
>10.0




	
Ca-WTR

	
1.38 ± 0.84

	
203 ± 2.12

	
0.60 ± 0.14

	
9.00 ± 0.00

	
0.85 ± 0.07

	
33.00 ± 0.51

	
0.61 ± 0.01

	
0.04 ± 0.01




	
Fe-WTR

	
18.20 ± 0.57

	
2639 ± 40.30

	
14.60 ± 0.00

	
26.50 ± 0.00

	
5.85 ± 0.21

	
16.00 ± 0.20

	
2.92 ± 0.06

	
0.63 ± 0.01




	
Metals

	
Mean concentration in mg/kg ± S.D.




	
WTR sample

	
Th

	
La

	
Ga

	
Sc

	
Nb

	
Zr

	
Y

	
Ce




	
Al-WTR

	
0.85 ± 0.07

	
3.60 ± 0.14

	
13.30 ± 0.49

	
0.90 ± 0.07

	
0.30 ± 0.00

	
3.40 ± 0.00

	
3.00 ± 0.12

	
7.50 ± 0.49




	
Ca-WTR

	
0.10 ± 0.00

	
0.80 ± 0.00

	
0.20 ± 0.00

	
0.50 ± 0.07

	
0.10 ± 0.00

	
1.10 ± 0.00

	
1.40 ± 0.04

	
1.00 ± 0.00




	
Fe-WTR

	
2.15 ± 0.07

	
7.55 ± 0.07

	
1.90 ± 0.00

	
0.17 ± 0.00

	
0.30 ± 0.00

	
3.40 ± 0.14

	
5.30 ± 0.14

	
16.60 ± 0.21











3.3. Toxicity Analysis


The total concentrations of the Resource Conservation and Recovery Act (RCRA) metals, especially As and Ba were significant for the WTRs. However, only a fraction of the total concentration was estimated to have leached from the WTRs. The Toxicity Characteristic Leaching Procedure (TCLP) estimate was used to predict whether the hazardous components of the WTR were likely to leach out of the waste, under simulated landfill conditions, becoming a threat to public health or the environment. The results showed in Table 3 indicated that, although significant amounts of the RCRA 8 metals could be released from the WTRs, none was above the allowed USEPA Part 503 concentration limits. However, the release of significant amounts of As, especially from the Al-WTR, raised concerns for land application. Arsenic (As) could be found in the atmosphere, soils, and rocks, and natural waters, among other sources. It is mostly introduced in the environment through natural processes, such as weathering reactions and biological activity, as well as through anthropogenic routes, including mining, combustion of fossil fuels, pesticides, herbicides, and the use of arsenic as an additive to animal feed. All drinking water treatment technologies that remove arsenic create residuals with concentrated arsenic and other co-occurring contaminants. The comparatively high concentration of As in the Al-WTR, which treated water from a reservoir, might have been because of obvious point sources of As contamination within the catchment area, such as crop, livestock, and poultry farms. However, the observed concentration in the Fe-WTR might have come from similar sources to the Al-WTR, since the facility treated water from a lake close to many farms. Observed concentrations of As in the Ca-WTR might have also been a result of transport from a nearby abandoned mine close to the Saline Valley water treatment facility.


Table 3. Toxicity Characteristic Leaching Procedure (TCLP) estimates of RCRA 8 metals in WTR.





	
RCRA Metal

	
As

	
Ba

	
Cd

	
Cr

	
Pb

	
Hg

	
Se

	
Ag






	
Waste Number

	
D004

	
D005

	
D006

	
D007

	
D008

	
D009

	
D010

	
D011




	
WTR sample

	
mg/kg




	
Al-WTR

	
3.48

	
8.19

	
0.005

	
0.268

	
0.292

	
0.0011

	
0.073

	
0.0015




	
Ca-WTR

	
0.91

	
4.80

	
0.009

	
0.100

	
0.018

	
0.0003

	
0.010

	
0.0003




	
Fe-WTR

	
0.46

	
6.31

	
0.006

	
1.013

	
0.352

	
0.0007

	
0.022

	
0.0014




	
US EPA Limits

	
5.0

	
100.0

	
1.0

	
5.0

	
5.0

	
0.2

	
1.0

	
5.0











3.4. Analysis of WTR Nutrient Compositions


The percent organic matter measured the amount of plant and animal (organic) residue in the WTRs. Since the Ca-WTR was produced as a byproduct of groundwater treatment, there was very low amounts of coagulated organic sediments and, hence, recorded the least organic matter content of 1.3%. The Al-WTR indicated a very high organic matter content and was less dense, showing a particle density of 1.54 g/mL compared with the Ca-WTR of 2.47 g/mL and Fe-WTR of 2.32 g/mL. Organic matter served as a reserve for many essential nutrients, especially nitrogen, which was made available to the plant through bacterial activity. The CEC of WTR indicated the capability of WTRs to hold cationic nutrients, such as K, Mg, Ca, and Na. The measure of CEC was dependent on the concentration of the exchangeable divalent Mg and Ca, and on the amount of clay minerals and organic matter that were present. Exchangeable Ca of 8.54 meq/100 g in Ca-WTR was comparable to the concentration of 8.47 meq/100 g in Fe-WTR, however, it was lower in the Al-WTR. Extractable K and Na were low for all of the WTRs. The Ca and Mg resulted in the CEC of the WTRs, which ranged from 4.6 to 16.2 meq/100 g WTR. The Ca:Mg ratio of the Al-, Ca-, and Fe-WTRs were 1:7, 1:2, and 1:1.5 (meq basis), respectively. Although the Ca-WTR showed very high concentrations of total Ca (Table 2), it was clear that the Ca was not in a readily available form, as suggested in Table 4. In all of the WTRs, however, extractable Ca and Mg were in adequate plant available concentrations.


Table 4. Nutrient concentrations of the water treatment residues.





	
Property

	
Al-WTR

	
Ca-WTR

	
Fe-WTR






	
Total sulfur (mg/kg)

	
99.00

	
46.00

	
189




	
Total C (%)

	
UND

	
1.68

	
1.01




	
Total N (%)

	
UND

	
<0.03

	
0.14




	
Organic Matter (%)

	
34.90

	
1.30

	
3.10




	
NO3–N (mg/kg)

	
5.00

	
2.00

	
1.00




	
Phosphorus (mg/kg)

	
Weak Bray

	
12.00

	
1.00

	
1.00




	
Strong Bray

	
42.00

	
2.00

	
2.00




	
Olsen Bicarbonate

	
6.00

	
10.0

	
13.00




	
Soluble salts (mmhos/cm)

	
0.50

	
0.30

	
0.90




	
Exchangeable cations (meq/100 g)

	
K

	
0.09

	
0.04

	
0.12




	
Mg

	
0.52

	
4.50

	
7.37




	
Ca

	
3.65

	
8.54

	
8.47




	
Na

	
0.37

	
0.11

	
0.17




	
Cation exchange capacity (meq/100 g)

	
4.60

	
13.20

	
16.20








UND—Undetermined.








Although percentage C in both the Fe- (1.01%) and Ca-WTR (1.68%) were relatively low, it did not deviate significantly from the reported values of similar samples. Basta [40] reported values ranging from 0.8% to 6.5%, and the authors [41] reported values from 1.7 to 14.9%. A total organic carbon content of 3.0% was recorded by Elliott et al. [42] from a composition analysis of WTRs from seven Pennsylvania water treatment facilities. Percentage N was 0.14% for the Fe-WTR and did not exceed 0.03% of the Ca-WTR. Nitrate-N, which used to indicate direct plant available nitrogen, was low, ranging between 1.0 and 5.0 mg/kg (loading rate of 2 to 9 lbs/ac). Generally, plant available nitrogen, phosphorus, and potassium were found to be low in the WTRs. However, when they are amended into nutrient-poor soils, they might have been able to help to improve soil conditions, enhancing plant growth.




3.5. Influence of WTR Application on Phosphorus


Many research findings had indicated that WTR application might have presented many disadvantages, because of the potential adsorption of plant-available P, which might have resulted in reduced yields of maize [43], tomato [44], and more recently, wheat [45]. However, other researchers had also contrasted earlier findings of WTR adsorption of available P levels in amended soils [29]. Geertsema et al. [46] found no significant differences in bioavailable and total P concentrations, following 30 months of WTR application for growing pine. Mahdy et al. [47] also applied WTR to three types at varying field equivalent rates. Although they found decreased P concentrations at higher rates of WTR (>67 Mg/ha) in calcareous and clay soils, the P concentration continued to increase proportionally with increased application rates. Although much interest was expressed in studying the impact of WTR application on soil P, with respect to crop productivity, previous researchers concluded differently.




3.6. Mineralogical Analysis


The identification of mineral phases is shown in Figure 4. Generally, the samples showed the presence of clay and non-clay minerals, as well as a significant amount of amorphous materials. The dominant minerals in the WTRs samples were mostly calcite, quartz, and feldspar. Although it was not recorded in the Al-WTR, calcite was the most dominant mineral in the Fe-WTR and, obviously, the Ca-WTR, which resulted from the lime that was used at the respective treatment facilities. The presence of quartz in the WTR samples was possibly a result of the varying amounts of suspended sand particles that were removed by the coagulants. The Ca-WTR, which was collected from the facility that treated groundwater, did not show any quartz in the XRD spectra. However, the Al- and Fe-WTRs that were collected from the facilities that treated surface water showed various peaks for quartz. Aside from the amounts of quartz in the Al-WTR, the XRD pattern consisted largely of disordered materials, possibly amorphous hydrous metal oxides—Al(OH)3 from the reaction of alum in water with bicarbonate—and organic fractions. This finding was consistent with Titshall and Hughes [11], and Ippolito et al. [48]. A similar reaction was reported for iron–salt coagulants. The less-crystalline nature of the WTRs, the presence of metal (hydr)oxides, and their porous structure were major characteristics that influenced their metal ion adsorption capacities. Hence, WTRs could be presented as competitive options for remediating heavy metal contaminated aqueous solutions and soil.


Figure 4. XRD patterns of the WTRs.
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3.7. DTPA Extractable Micronutrient


The use of a total element content did not give the correct indication of the toxicity of waste materials because it did not reflect the labile or available the fractions. Hence, the DTPA extracted micronutrients were used to assess the ease of the release of some heavy metals and boron under acidic conditions. The DTPA concentrations, shown in Figure 5, raised some concerns with regards to the relatively high exchangeable Mn and Fe in the WTRs. Although both the Fe- and Al-WTRs showed elevated concentrations of exchangeable Mn compared with the Ca-WTR, the Mn concentration of the Al-WTR was exceptionally high. Manganese was considered an essential plant nutrient that helped in metabolic processes, such as photosynthesis, and as an enzyme antioxidant-cofactor [49]. The inadequate or excess manganese that was available to plants could have affected various metabolic processes. Manganese toxicity was mainly observed through the reduction of biomass and photosynthesis. Bioavailability of Mn in soils was influenced by soil pH and redox conditions [50]. The most available form—Mn(II) in the soil for plants—became more mobile at an acidic pH, whilst the enhanced Mn adsorption onto soil particles decreased its availability to plants [51] at a higher soil pH. In that regard, the high pH of the WTRs, particularly the Ca- and Fe-WTRs, when amended with soil at optimum amounts, might have helped to immobilize excess Mn, whilst creating a near-neutral soil pH for adequate plant growth. Achieving this would have maintained the favorability of the Fe- and Ca-WTRs for safe land applications. Under similar conditions, the direct use of the Al-WTR would present some challenges, primarily because of its comparatively low acid neutralizing.


Figure 5. Diethylenetriaminepentaacetic acid (DTPA) extractable micronutrients (mg/kg) in WTRs.
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The concentration of the DTPA exchangeable Fe was studied in the WTRs. Again, the Fe-WTR released considerable amounts of exchangeable Fe, followed by the Ca-WTR and Al-WTR, which released the least amount under the test condition. This suggested that an appreciable amount of the total Fe concentration in the Ca- and Fe-WTRs could have been made available to plants under acidic conditions. Excess available plant Fe might have been injurious to plants’ health and growth (Peña-Olmos et al., 2014), although the severity of Fe toxicity and yield had not been established. An identifiable symptom linked to Fe (II), included browning or yellowing of the leaves and subsequent growth inhibition, which might have resulted in reduced productivity in some crops [52]. Since excess iron toxicity was associated with low soil pH values [53], the high pH of the Ca- and Fe-WTRs might have been able to maintain a near neutral pH, in order to reduce the mobility of the Fe ions in soil.



The DTPA extracted Cu concentrations in the Fe-WTR were slightly higher compared with the concentrations in the Ca- and Al-WTRs. There was an estimated 109% difference between the Cu concentration in the Fe-WTR, and the Ca-WTR and was about 78% higher than in the Al-WTR. This increment could have possibly been because of the composition of the Fe-salt that was used for the water purification process. There was, however, very little variation in B and Zn concentrations in the WTRS. Irrespective of the presented possibilities of the WTRs to counteract the potential releases of high levels of Fe and Mn, the release of metals under sustained acidic conditions represented a major concern, which needed proper monitoring prior to applications. Although it was not an essential element for either plants or animals, aluminum (Al) was highly abundant in the WTRs in the total concentrations. Research indicated that Al toxicity was related to the amount of A13+ in the solute solution [54]. The test results from Melich-3 and other stronger extractants, such as DTPA, however, did not have a strong relationship to Al3+. Furthermore, the forms of Al that were extracted by large volumes of salt solutions were not necessarily equivalent to available forms in the soil, because the Al was well mixed to form precipitation with ligands, such as fluoride (F), sulfate (S042+), and oxalate and, hence, became non-toxic [54]. Therefore, the pH of the WTRs was probably the single most important factor that was considered to control the amount of A13+ in the WTR solution. The amount of soluble Al increased as the pH dropped below pH 5.0. The high pH of the WTRs and their high neutralizing capability meant that, when amended to acidic soil to create pH conditions above 5.0, the Al toxicity would rarely become a problem.





4. Concluding Remarks


This work has demonstrated the favorable potential for the beneficial reuse of WTR through composition analysis of relevant physical, chemical, agronomic, and mineralogical properties. It was also confirmed that the properties of the WTRs were mostly site-specific, owing to the significant variabilities in the properties, which were mostly influenced by the source water quality and type of coagulant of softener that was used.



The qualitative determination of the major elements showed varying acceptable concentrations of RCRA 8 metals in the WTRs. Nevertheless, the concentrations of DTPA extractable Mn and Fe raised concerns of possible contamination under sustained acidic conditions, which would require frequent monitoring when applied. The WTRs, however, showed an adequate capability to supply the relevant plant nutrients such as Zn, Ca, Mg, K, S, Cu, and Fe, although readily available concentrations of NO3-N, P, and K were generally low. The X-ray diffraction analysis of the samples showed a significant amount of amorphous phases, mostly metal hydroxides. The Ca-WTR was almost entirely composed of calcite, whilst the Al-WTR contained mostly quartz. The Fe-WTR contained a mix of calcite and quartz. The minor occurrence of clay minerals in mixed layers was observed from the diffractograms. In retrospect, the alkaline nature, relatively high CEC, and satisfactory concentrations of heavy metals, as well as the RCRA 8 metals of the WTRs, suggested the potential for safe and beneficial land application. The generally amorphous and porous nature of the WTRs also suggested good metal ion adsorption capabilities in soil and aqueous solution.



The authors recommended, therefore, that although the land application of the WTRs was proven to be feasible, a prior background physicochemical analysis of the application site soils should be conducted in order to optimize the rate of the WTR application. This would be helpful so as to avoid the introduction of excess elements, which may negatively affect plant growth at contaminable concentrations in the soil. In this regard, the authors ascertain that the ideal land application of WTRs may be best achieved on non-food chain crops, mine reclamation areas, and forest areas. Future research needs to be conducted in order to expand on the number of WTRs in the region and beyond, in order to ascertain their appropriateness for soil and water remediation, and other beneficial uses. The evaluation of WTR adsorption in soil and water is also recommended.
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