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Abstract

Widespread use of pesticides has resulted in the accumulation of pesticide residues in the 

environment due to their persistence and stability. To reduce potential exposures, we have 

developed broad-acting clay-based sorbents that can be included in the diet as enterosorbents to 

reduce the bioavailability and toxicity of chemicals. In this study, parent and acid-processed 

calcium montmorillonite clays (CM and APM, respectively) were used to determine their potential 

as sorbents of the organochlorine insecticide dieldrin. We used adsorption isotherms, 

thermodynamics and dosimetry studies to determine the capacities and affinities of the clays, 

enthalpies of the binding reactions and potential doses of sorbent that could protect against high 

exposures. Adsorption isotherms for APM fit a Langmuir model with high enthalpy (suggesting 

chemisorption) and high capacity (Qmax value equal to 0.45 mol kg−1), indicating tight binding of 

dieldrin. Cultures of Hydra vulgaris were used to determine the ability of sorbents to protect a 

living organism from dieldrin toxicity. The inclusion of acid-processed clays resulted in the 

highest reduction of dieldrin toxicity (70%) in the hydra. Further work indicated that both CM and 

APM can significantly reduce the bioavailability of dieldrin from soil (p≤0.01). These results 

suggest that APM (and similar clays) can be effective sorbents of dieldrin and may be included in 

the diet and/or soil to protect against environmental exposures.
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INTRODUCTION

Widespread use of pesticides has resulted in the accumulation of pesticide residues in the 

environment due to their persistence and stability. Dieldrin, an organochlorine insecticide, 

was used extensively in agricultural and commercial settings until the 1970s when many 

countries began to prohibit its use due to toxicity concerns (ATSDR 2002). However, 

dieldrin and other persistent organic pollutants (POPs) can still be found throughout the 

environment, posing significant contamination threats. High levels of dieldrin have been 
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detected in soil from vegetable farms and other agricultural fields years after discontinuation 

of use (Getenga et al. 2004; Harner et al. 1999; Hashimoto 2005; Zhang et al. 2012). The 

high affinity of dieldrin for organic matter such as animal fat and plant wax can result in its 

bioaccumulation (USEPA 2003). Reports of dieldrin uptake by plants such as root crops 

indicate potential for exposure to dieldrin through consumption of contaminated produce 

(Donnarumma et al. 2009; Doong et al. 1999; Otani et al. 2006; Saito et al. 2012). Dieldrin 

uptake by grasses and other herbaceous plants is of concern for livestock and domestic 

animals (Paton et al. 1997). Moreover, exposure to dieldrin has been associated with 

neurotoxic, reproductive and carcinogenic effects (Abramovich et al. 2007; Kanthasamy et 

al. 2005; Stern 2014).

Exposure to pesticides and other chemicals can be enhanced during natural and manmade 

disasters such as floods and chemical spills. Chemicals can be mobilized and redistributed 

throughout the environment following these disasters and further contaminate food and 

water sources, increasing the risk of harmful exposures. Humans and animals can be 

exposed to these chemicals through contaminated food and water or hand-to-mouth 

exposures resulting from contact with contaminated soil. Pesticides such as dieldrin are of 

particular concern due to their widespread use and persistence in the environment. 

Protecting humans and animals from harmful exposures to these environmental 

contaminants is an emerging issue in public health.

Natural clay materials can be used as sorbents to reduce the bioavailability of hazardous 

chemicals. Montmorillonite clays have a 2:1 aluminosilicate layered structure with high 

surface areas that contribute to their abilities to bind various chemicals in pores and on 

active interlayer surfaces. Our laboratory has shown that calcium montmorillonite (CM) 

clays are exceptional sorbents that are safe for human and animal consumption on a short-

term basis and can tightly bind aflatoxin in the gastrointestinal tract, reducing its 

bioavailability (Phillips et al. 2008; Phillips et al. 2019). Previous studies indicate that acid 

treatment of clays increases their sorption capacities. Acid processing induces structural 

changes such as exchange of extra-lattice cations and dissociation of octahedral and 

tetrahedral sheets, resulting in the formation of amorphous silicon and increased surface area 

and pore volume (Kumar et al. 1995; Narayanan et al. 1998; Tomić et al 2010). For example, 

treatment of CM with 17% sulfuric acid can increase montmorillonite surface area by a 

factor of 2 (Novikova et al. 2006). Recent studies in our laboratory have shown that acid-

processed calcium montmorillonite clays (APMs) can have increased capacities for 

mycotoxins and organophosphate pesticides compared to the parent CM clay (Wang et al. 

2019). These novel, broad-acting sorbents can bind a variety of environmental chemicals and 

could be included in diets on a short-term basis to reduce human and animal exposures to 

chemicals in water or food.

Previous studies have evaluated the potential of various natural and amended clay minerals 

as sorbents for pesticides. A natural kaolinite/montmorillonite clay was able to reduce levels 

of methomyl in aqueous solutions by 27 to 33% (El-Geundi et al. 2012). Additionally, clays 

modified with cationic surfactants show increased binding potentials for pesticides 

compared to natural clays. Montmorillonite clay modified with OTDMA was 100-fold more 

effective than the natural montmorillonite in binding the hydrophobic pesticides 
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penconazole and metalaxyl, and could be used to decrease the mobility of these pesticides in 

soil (Sanchez-Martin et al. 2006). Organosmectites reduced bentazone availability in soil 

almost instantaneously from 124 μg g−1 to 1 μg g−1 (Carrizosa et al. 2000).

There are currently no reports of acid-modified clay-based sorbents that can be used as 

enterosorbents to reduce bioavailability (bioaccessibility) of dieldrin. This study was 

designed to determine the effectiveness of CM and APMs as sorbents for dieldrin using in 
vitro isothermal analyses (including thermodynamics and binding mechanisms), dosimetry 

studies and the hydra assay. Additionally, CM and APMs were evaluated for their ability to 

bind dieldrin in soil and reduce potential exposures.

MATERIALS AND METHODS

Reagents

High pressure liquid chromatography (HPLC) grade acetonitrile and pH buffers (4.0, 7.0 and 

10.0) were purchased from VWR (Atlanta, GA). HPLC grade hexane and dieldrin analytical 

standard were purchased from Sigma-Al (Saint Louis, MO). HPLC grade acetone was 

purchased from Fisher Scientific (Hampton, NH). Calcium montmorillonite (CM) was 

obtained from Engelhard Corp. (Cleveland, OH) with an average total surface area of 850 

m2 g−1, an external surface area of approximately 70 m2 g−1, and a cation exchange capacity 

of 97 cmol kg−1 (Grant and Phillips 1998). The general formula for CM is 

(Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O and the compound contains some quartz, mica, calcite, 

orthoclase feldspars and sanidine as impurities (Marroquin-Cardona et al. 2011). Deionized 

water (18.2 MΩ) was generated in the laboratory using an Elga™ automated filtration 

system (Woodridge, IL) and was used in all experiments.

Synthesis of sorbents

Acid-processed montmorillonite clays (APMs) were synthesized following methods 

previously described (Wang et al. 2019). Briefly, CM was treated with sulfuric acid to 

produce sorbents with high surface areas and greater porosities than the parent clay. CM clay 

suspensions (6% w/w) were treated with 18N or 12N (APM1 or APM2) sulfuric acid. The 

solutions were stirred vigorously in an oven at 60°C overnight. The slurry was cooled, 

centrifuged at 2000 g for 20 min and washed thoroughly with distilled water. This 

centrifugation/washing process was repeated until the pH was constant. Samples were oven-

dried overnight at 110°C, ground and sieved through a 125-μm screen. Grinding and sieving 

was repeated until uniform particle sizes were obtained.

To determine the importance of clay interlayers in binding dieldrin, clays were heat-

collapsed to significantly reduce interlayer surfaces. Collapsed CM and APM1 clays were 

prepared by heating at 200°C for 30 min, then 800°C for 1 h (Grant and Phillips 1998).

In vitro analysis: isothermal adsorption

The dieldrin stock solution was prepared by dissolving pure powder into the analytical 

mobile phase (66:34 - acetonitrile:water). Sorbents were added at 0.002% w/vol to dieldrin 

solutions with an increasing dieldrin concentration gradient. The 0.002% inclusion level was 
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achieved by adding 40 μL of 0.5 mg ml−1 clay suspension in mobile phase which was mixed 

vigorously during transfer to ensure equal distribution of clay to each sample. The 

concentration gradients of dieldrin solutions were achieved by adding a calculated amount of 

dieldrin stock solution to a complementary volume of mobile phase in 1.5 mL centrifuge 

tubes to a total volume of 1 mL. In addition to these samples, 3 controls were tested (mobile 

phase, dieldrin solution and 0.002% clay solution). All samples were agitated on an orbital 

shaker at 1000 rpm for 2 h at ambient temperature (25°C) and high temperature (37°C) for 

thermodynamics experiments. Samples were then centrifuged at 2000 g for 20 min to 

separate clay/dieldrin complexes from the solution.

HPLC was used to measure the amount of free dieldrin in the supernatant (Pantaleoni et al. 

1989). Chromatography was conducted on a Waters HPLC equipped with a 717 plus 

autosampler, model 1525 binary pumps, model 2487 Duel Absorbance Detector and a 

Symmetry® C18 5μm (4.6 × 150 mm) column. Chemical separation was achieved by a 

mobile phase of 66% acetonitrile and 34% water at a flow rate of 1.5 mL min−1 and 

injection volume of 20 μL. The UV detector was set at 215 nm and 254 nm. Breeze® 

software was used to control the HPLC system and collect the data. The standard curve for 

deldrin was linear with r2 > 0.99.

Data calculations and curve fitting

Dieldrin was detected by HPLC and quantified using standard calibration curves. Dieldrin 

concentrations in solution were calculated from peak area at the dieldrin retention time (5.1 

min). The amount adsorbed for each data point was calculated from the concentration 

difference between test and control groups. The resulting data was input into a Microsoft 

Excel program and plotted using Table-Curve 2D to derive values for each parameter. The 

best fit for the data was the Langmuir model, which was then used to plot equilibrium 

isotherms for each analysis. The isotherm equation was entered as a user-defined function,

Langmuir model (LM) q = Qmax( KdCw
1 + KdCw)

where q = toxin adsorbed (mol kg−1), Qmax = maximum capacity (mol kg−1), Kd = 

distribution constant and Cw = toxin equilibrium concentration. Estimates for the Qmax and 

Kd were derived from a double logarithmic plot of the data. The plot will normally display a 

break in the curve, where the value of the x-axis is an estimate of Kd, and the value of the y-

axis is an estimate of Qmax. The Kd value is derived from the Langmuir equation by solving 

for Kd:

Kd = q
(Qmax − q)Cw

The enthalpy (ΔH) is a parameter of the thermodynamics of the binding reaction, indicating 

total heat released or absorbed. It is calculated by the Van’t Hoff equation, comparing 

individual Kd values at two temperatures (25°C and 37°C):
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ΔH =
−Rln(Kd2

Kd1)
1

T2
− ( 1

T1
)

where R (ideal gas constant) = 8.314 J/mol K, and T (absolute temperature) = 273 + t (°C).

Dosimetry extrapolations

Dosimetry studies were conducted to estimate the doses of sorbents necessary to maintain 

threshold limits of dieldrin. The dieldrin stock solution was diluted with mobile phase to 

produce 0.2 ppm dieldrin, which is twice its threshold limit. The regulatory limit of dieldrin 

in food is equal to 0.1 ppm (ATSDR 2002). An increasing gradient of sorbent (0.0005, 

0.002, 0.005, and 0.2% w/vol) was added to dieldrin solution to make 1 mL. Control groups 

included mobile phase, dieldrin solution, and clay solution. Control and test groups in 1.5 

mL centrifuge tubes were agitated at 1000 rpm for 2 h and then centrifuged at 2000 g for 20 

min. Aliquots of dieldrin were measured by HPLC and concentrations were calculated from 

the signal peak area. The toxicant sorption percentage for each group was calculated from 

the difference between control and test groups. The sorbent inclusion levels were plotted 

against % dieldrin sorption, and the values were fit to a natural log trend to extrapolate the 

sorbent inclusion levels that would be required to reduce high exposures of dieldrin from 

food to below the threshold limit.

In vivo analysis: hydra assay

Hydra vulgaris were obtained from Environment Canada (Montreal, QC) and maintained at 

18°C. The original hydra classification method (Wilby et al. 1990) was used with 

modification to rate morphology of the adult hydra as an indicator of solution toxicity. 

Following our modifications (Brown et al., 2014), the morphological scoring of hydra in this 

assay was objective and repeatable. A score of 0 to 10 was assigned individually to three 

hydra in each experimental group. Scores of 7 to 10 indicated minor toxicity, 4 to 6 indicated 

moderate toxicity, and 0 to 3 indicated severe toxicity. The modified assay included 

monitoring at shorter time intervals during the first two days (0, 4, 20, and 28 h) and 24 h 

intervals during the last three days (44, 68, 92 h). Solutions were not changed during the 

testing period. Control groups included hydra media (18.2 MΩ water, 4 mg L−1 EDTA, 115 

mg L−1 N-tris[hydroxymethyl]methyl-2- aminoethanesulfonic acid (TES), and 147 mg L−1 

CaCl2 adjusted to pH 6.9 – 7.0). Toxin treatment groups included 30 ppm dieldrin in hydra 

media based on the minimum effective dose (MED) that caused 100% mortality of the hydra 

in 92 h. Sorbent inclusion levels were equal to 0.5% w/vol. All test groups in disposable 

culture tubes were capped and agitated at 1000 rpm for 2 h followed by centrifugation at 

2000 g for 20 min. Groups of hydra were then exposed to each solution and the hydra 

morphological responses for each group were scored and recorded at each time point. The 

score or average score for each group was used to determine the average toxicity rating at 

each time point. Each group contained three adult hydra in 4 mL of test solution at 18°C.
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Soil studies

Garden soil (with a composition including compost, processed forest products, sphagnum 

peat moss, a wetting agent and fertilizer containing 0.09% total nitrogen, 0.05% available 

phosphate and 0.07% soluble potash) was obtained from The Scotts Miracle-Gro Company 

(Marysville, OH). Soil was air-dried and sieved through a 1 mm screen before use. 1 g 

aliquots of soil were added to disposable culture tubes. Each soil sample was spiked with 2 

mL of dieldrin/acetone solution and mixed to ensure even distribution of dieldrin. Samples 

were left uncapped in a fume hood until the acetone had completely evaporated (48 h). 

Sorbents were added at 1% w/w to a gradient of dieldrin concentrations and mixed. The 

samples were hydrated by adding 4 mL of distilled water and then slowly agitated at 200 

rpm for 24 h. Soil extraction methods (Correia-Sá et al. 2012; Fish & Revesz 1996) with 

modification were used to extract dieldrin from soil samples. Briefly, 4 mL of 40:60 - 

hexane:acetone was added to each sample before agitating at 1000 rpm for 1 h. Samples 

were centrifuged at 2000 g for 20 min and the supernatants were transferred to new culture 

tubes. The samples were extracted twice. The supernatants were evaporated with nitrogen 

gas and then made up with 500 μL of the mobile phase. All samples were analyzed using 

HPLC. Calibration curves were conducted for each group of dieldrin extracts to ensure 

linearity of peak concentrations and consistency of the extraction method. Water and soil 

blanks and controls (spiked with different levels of dieldrin standard) were included in each 

experiment to validate the accuracy of our method and to determine the % recovery of 

dieldrin from the soil matrix. Peak areas of dieldrin from samples that included sorbents 

were compared to the dieldrin control samples to determine the percent reduction in dieldrin 

bioavailability from soil. Results were reproducible and based on at least three independent 

replicates.

Statistical analysis

A two-way t-test was used to determine statistical significance. Each experiment was 

conducted in triplicate to derive means and standard deviations. Qmax and Kd values from 

isothermal analyses, toxicity scores from the hydra assay and peak areas of dieldrin from 

soil studies were used to calculate t-values. T-values and degrees of freedom were used to 

determine the p-value. Results were considered significant at p≤0.05.

RESULTS

Adsorption isotherms for CM, APM1 and APM2 were generated using a Microsoft Excel 

program developed in our laboratory and plotted with Table-Curve 2D to derive sorbent-

dieldrin binding parameters including Qmax (capacity), Kd (affinity) and ΔH (enthalpy). Fig. 

1 shows the isothermal plots for dieldrin on the parent CM clay and the modified APM1 and 

APM2 clays. All three plots fit a Langmuir model with r2 values above 0.93, indicating tight 

binding of dieldrin. The curved shape of the Langmuir trend shows that binding of dieldrin 

onto active surfaces of the three sorbents was saturable. Both APM1 and APM2 had 

significantly higher binding capacities compared to the parent CM clay with Qmax values of 

0.45 and 0.4 mol/kg, respectively, compared to 0.32 mol/kg for CM (p≤0.01).
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CM and APM1 were heat treated to determine the importance of interlayer surfaces in 

binding of dieldrin. Heating clays at 200°C and 800°C has been shown to considerably 

dehydroxylate and collapse interlayer surfaces, thus reducing interlayer binding sites 

available for dieldrin. The isothermal plots in Fig. 2 show Langmuir trends for heat-

collapsed CM and APM1 clays. The Qmax values were significantly decreased by 60 and 

66% for the collapsed CM and APM1 clays compared to the intact parent CM and APM1 

clays (p≤0.01). Based on the extent of collapse in these experiments, the interlayer surfaces 

of both clays are clearly important for binding dieldrin.

To determine the enthalpy values for dieldrin-sorbent binding reactions, equilibrium 

isotherms were conducted at 25°C and 37°C. Isothermal plots for CM and APM1 at 37°C 

are shown in Fig. 3. The Kd values for these plots were compared to the Kd values for the 

plots conducted at ambient temperature (25°C) to calculate the enthalpies (ΔH) of the 

binding reactions using the Van’t Hoff equation. Enthalpy values for CM and APM1 were 

−55.7 kJ mol−1 and −61.4 kJ mol−1, respectively.

Fig. 4 shows results of the hydra assay for CM and APM1 and the efficacy of these sorbents 

in protecting a living organism from dieldrin toxicity. Hydra groups were exposed to 30 ppm 

dieldrin solution, based on the minimum effective dose (MED) that caused 100% mortality 

of the hydra in 92 h. The control group received no sorbent and the treatment groups were 

dosed with sorbent (0.5% w/vol). Inclusion of 0.5% sorbent provided significant reduction in 

mortality of the hydra, with 60% and 70% protection for CM and APM1, respectively 

(p≤0.01).

Dosimetry studies were conducted to determine the amounts of CM and APM1 that would 

be necessary to reduce exposures to high levels of dieldrin. The exposure level was set to 0.2 

ppm, which is twice the regulatory limit in food (0.1 ppm) (USEPA 2003). The sorbent 

inclusion levels (g kg−1) were plotted against % toxicant sorption and the data were fit to a 

log function, with CM being described by the equation y = 0.0822 ln(x) + 0.6206 and APM1 

by the equation y = 0.067 ln(x) 0.6055 (Fig. 5). The sorbent inclusion levels needed to 

reduce dieldrin exposure of 0.2 ppm to below threshold limits were calculated to be 0.230 g 

kg−1 for CM and 0.207 g kg−1 for APM1.

Soil studies were conducted to determine the potential of CM and APM1 to reduce 

bioavailability of dieldrin from soil. Soil samples (1.0 g) were spiked with a gradient of 

dieldrin ranging from approximately 3 to 50 ppm. Recovery of dieldrin from soil samples 

ranged from 74 to 82%. Fig. 6 shows reduced recovery of dieldrin from spiked soil with CM 

and APM1 treatment at 1% w/w compared to recovery without treatment. Inclusion of 1% 

CM reduced the amount of dieldrin extracted from soil in a dose-dependent manner ranging 

from 26.4% to 65.1%. Inclusion of 1% APM1 also reduced the amount of dieldrin extracted 

from soil in a dose-dependent manner ranging from 47.9% to 63.4%. These results indicate 

that CM and APM1 at low inclusion levels (1%) can significantly reduce the bioavailability 

of dieldrin from soil (p≤0.01).
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DISCUSSION

Dieldrin is considered a persistent organic pollutant (POP) and is shown to be toxic to 

humans and animals. Exposure to dieldrin has been associated with neurological, 

developmental and carcinogenic effects in animal models (Richardson et al. 2006, Nebeker 

et al. 1992, Bachowski et al. 1998). Dieldrin residues have been detected in adipose tissue of 

sheep, ducks, cows and swine (Paton et al. 1997, Falandysz and Kannan 1991, Corrigan and 

Seneviratna 1990). Additionally, dieldrin is the active product of aldrin, another 

organochlorine insecticide that was widely used to treat seed and soil. Because of the 

extensive use of these two chemicals and their abilities to bioaccumulate, high levels can be 

found throughout the environment (Jorgenson 2001). Dieldrin and aldrin are ranked #18 and 

#25, respectively, on the ATSDR Substance Priority List of chemicals that are commonly 

found in contaminated facilities and pose a significant risk to human health due to their 

potential toxicities (ATSDR 2017). Subsequently, strategies are needed to reduce the risk of 

exposures to dieldrin and protect humans and animals from adverse health effects associated 

with dieldrin exposure. Previous studies have investigated removal of dieldrin from 

environmental media with strategies such as magnetic nanoparticles, activated carbon 

sorbents and bioremediation strategies (Shrivas et al. 2017; Hilber et al. 2009; Matsumoto et 

al. 2009). However, no studies have looked at the safety and efficacy of clays to mitigate 

unintended exposures to dieldrin in the environment. To develop an effective enterosorbent 

for dieldrin, we have characterized the sorption of the toxicant onto active interlayer surfaces 

of CM and APMs.

Various sorbents have been evaluated for binding potential with dieldrin in aqueous 

environments. Activated carbons from bamboo and coconut shell reduced 100 μg L−1 of 

dieldrin in drinking water sources by 68 and 71%, respectively (Thuy et al. 2011). A triolen-

embedded activated carbon composite sorbent decreased dieldrin concentrations in an 

aqueous solution from 10 μg L−1 to 1.94 μg L−1 (Ru et al. 2007). Adsorption curves for 

silica aerogel and dieldrin showed 92% removal of dieldrin in 3 h (Liu et al. 2009). 

Bromopropyl functionalized silica nanofibers had a removal rate of 91% for dieldrin 

residues in water (Yue et al. 2012). All of these sorbents for dieldrin resulted in Freundlich 

trends, suggesting partitioning of dieldrin on and off sorbent surfaces and potentially weak 

bonding.

Equilibrium isothermal analyses were conducted for CM, APM1, and APM2. All three 

isotherms fit Langmuir models with high Qmax and Kd values, indicating efficient binding of 

dieldrin with saturable binding sites and high capacities and affinities for dieldrin. The 

APM1 and APM2 modified clays had significantly increased binding capacities for dieldrin 

compared to the CM clay. These findings are consistent with previous studies indicating that 

acid processed clays have increased surface areas and toxin binding capacities compared to 

parent clays. APM1 had a higher capacity for dieldrin than APM2, so it was chosen for use 

in subsequent studies along with the parent CM clay.

The plateau surface density of CM was also calculated to determine the clay surface area 

available for dieldrin binding at saturation. The surface area of CM interlamellar binding 

sites is equal to 850 – 70 = 780 m2 g−1 = 7.8 × 1022 Å2 g−1. Using the Qmax value 
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(maximum binding capacity) for dieldrin binding to CM, the number of dieldrin molecules 

bound (plateau surface density) is equal to 0.32 mol kg−1 x 6.02 × 1023 molecules mol−1 = 

1.9 × 1020 molecules g−1. The topological polar surface area of one dieldrin molecule is 12.5 

Å2, so the total binding area for dieldrin is equal to 1.9 × 1020 molecules g−1 x 12.5 Å2 = 2.4 

× 1021 Å2 g−1 (smaller than the available CM surface area of 7.8 × 1022 Å2 g−1). The high 

binding capacity of CM for dieldrin along with the plateau surface density indicate that CM 

contains more than enough binding sites for monolayer sorption, which is consistent with 

the curved shape and homogeneous binding site requirements of the Langmuir plots shown 

in Fig 2.

To investigate binding sites of dieldrin on both CM and APM1, the sorbents were heat-

collapsed to reduce interlayer surfaces. Heating CM and APM1 at 800°C significantly 

collapsed the interlayers. Results in Fig. 3 show a 60% decrease in Qmax of collapsed CM 

compared to the intact CM (40% binding capacity remaining), and a 66% decrease in Qmax 

of collapsed APM1 compared to the intact APM1 (34% binding capacity remaining). This 

suggests that the interlayer surfaces of the clays are important in dieldrin binding to CM and 

APM1. Upon further heating, we would expect to see a greater degree of collapsed interlayer 

surfaces and a greater decrease in Qmax for both CM and APM1.

Enthalpy is another important parameter to consider in terms of sorbent-chemical 

interactions. Equilibrium isotherms were conducted at room temperature (25°C) and high 

temperature (37°C) and the Kd values were compared using the Van’t Hoff equation. The 

negative enthalpy values of CM and APM1 (−55.7 and −61.4 kJ mol−1, respectively) 

indicate a high heat of sorption for dieldrin binding to clay surfaces. The high absolute 

values of ΔH for both sorbents (more than −20 kJ mol−1) indicate chemisorption (instead of 

physisorption) of dieldrin. The results suggest that the dieldrin-sorbent complex is stable and 

dieldrin would not be readily dissociated from either sorbent.

The hydra assay predicted safety and efficacy of the sorbents in protecting an aquatic species 

against dieldrin toxicity. Both sorbents were not toxic to the hydra with inclusion levels as 

high as 0.5% w/vol. The results indicate that CM and APM1 were able to significantly 

protect the hydra from dieldrin toxicity (up to 30 ppm). Inclusion of 0.5% of CM and APM1 

reduced the toxicity of dieldrin from severe toxicity (score of 0) to moderate toxicity (score 

of 6) and minor toxicity (score of 7), respectively. These results agree with the isothermal 

analyses, further indicating that CM and APM1 are both effective sorbents for dieldrin, with 

APM1 having a higher capacity. The in vivo results of this study were limited to an aquatic 

testing species (i.e., Hydra vulgaris) and toxin binding in an aqueous environment. Further 

work to investigate any potential differences in non-aqueous environments is warranted.

Dosimetry studies were conducted to determine the doses of CM and APM1 that would be 

necessary to protect humans and animals from high levels of dieldrin exposure. Based on the 

assumption that humans consume 1 kg of food at each meal, the low inclusion levels of 

sorbent (0.230 g kg−1 for CM and 0.207 g kg−1 for APM1) would equate to a small amount 

of sorbent taken 3 times a day (at least 2 h before or after medications to prevent any 

potential interactions).
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Based on these in vitro and aquatic toxicity studies, CM and APM1 were effective sorbents 

of dieldrin. Upon further investigation, CM and APM1 could be delivered in tablets, 

capsules, condiments, snacks and flavored water at low levels on a short-term basis to reduce 

harmful exposures to dieldrin. Including these sorbents could be important for vulnerable 

populations such as first responders and people living near contaminated sites or working in 

settings susceptible to spills or disasters. Further studies are necessary to determine the 

efficacy of these materials as sorbents of dieldrin in humans and animals, as various 

processes may alter their effectiveness in more complex biological systems.

Extensive research has been conducted on the use of activated charcoals as soil amendments 

to sequester environmental contaminants in soil (Sarmah et al. 2010; Yang et al. 2010). 

Reports of charcoals (i.e. biochars) used as soil amendments to reduce bioavailability and 

plant uptake of dieldrin support their effective sorption capacities for dieldrin and their 

potential to protect against harmful exposures (Donnarumma et al. 2009; Hilber et al. 2009). 

However, potential safety and adverse environmental impacts (e.g. changes in soil chemistry, 

nutrient availability and metal contamination) associated with activated charcoals warrant 

the development of alternative materials with similar sorption abilities (Kookana et al. 

2011). Based on isothermal and dosimetry results from this study, CMs and APMs are 

highly effective sorbents of dieldrin. APM1 has a very high capacity for dieldrin (Qmax = 

0.45 kJ mol−1), so it could be an effective sorbent for high concentrations of dieldrin that 

might occur as a result of a disaster or spill. APM1 was approximately twice as effective at 

reducing high levels (50 ppm) of dieldrin versus CM (47.9 vs. 26.4% reduction). CM had a 

slightly lower capacity for dieldrin than APM1 (Qmax = 0.324 kJ mol−1). At 1% inclusion, it 

reduced dieldrin’s bioavailability by 65% at a concentration of 3 ppm. Importantly, CM has 

been shown to be safe for use in animals and humans in earlier animal studies and clinical 

trials (Phillips et al. 2019). Because environmental levels of dieldrin are relatively low (< 3 

ppm), inclusion of CM as a soil amendment at inclusion rates as low as 1% could be used 

routinely to reduce dieldrin exposures from soil (Hashimoto 2005, Otani et al. 2006). In the 

case of a disaster or chemical spill, the more active APM1 could be added to protect against 

higher level exposures. Thermodynamic studies suggested that the clay-dieldrin complex is 

not easily dissociated, indicating that soil-based clay-dieldrin complexes would be stable in 

a soil environment. Montmorillonites and other clay materials are natural components of 

many soil types, so minimal adverse environmental impacts are expected (Ito et al. 2017).

CONCLUSION

These results collectively indicate that calcium montmorillonites and acid-processed calcium 

montmorillonites are effective sorbents of dieldrin. Acid-processed CM clay has 

significantly increased binding capacity and affinity for dieldrin compared to the parent clay. 

These results agree with previous studies which indicate that acid processed clays have 

increased surface areas and capacities. Future studies should be conducted to evaluate the 

safety and efficacy of APMs in reducing bioavailability of environmental chemicals in 

animals and humans to determine if APMs could be used as enterosorbents on a short-term 

basis to protect against harmful exposures.
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The use of clay materials such as montmorillonites as toxicant enterosorbents may be 

effective in reducing the bioavailability of chemicals that have been ingested by humans and 

animals and from contaminated soil. Further studies will investigate APMs as broad-acting 

sorbents that can mitigate exposures to environmentally-relevant mixtures of chemicals.
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Fig. 1. 
Langmuir plots of dieldrin on CM, APM1, and AMP2 indicating tight binding of dieldrin by 

all three sorbents (CM: Qmax = 0.324 mol kg-1, Kd = 3.82E+05; APM2: Qmax = 0.403 mol 

kg-1, Kd = 6.21E+05; APM1: Qmax = 0.450 mol kg-1, Kd = 2.07E+05). APM1 and APM2 

showed significantly higher Qmax values than the parent clay (**p≤0.01).
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Fig. 2. 
Langmuir plots of dieldrin on CM and APM1 compared to heat-collapsed CM and APM1. 

The Qmax values indicated significantly reduced binding capacities of dieldrin with the 

collapsed clays (collapsed CM: Qmax = 0.130, collapsed APM1: Qmax = 0.153) (*p≤0.01).
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Fig. 3. 
Langmuir plots of dieldrin on CM and APM1 at 37°C (CM: Kd = 1.60E+05; APM1: Kd = 

4.33E+05). Kd values for these plots were compared to those conducted at 25°C to 

determine the enthalpy of the binding reactions.
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Fig. 4. 
Hydra assay showing dieldrin toxicity at 30 ppm and protection of hydra with inclusion of 

0.5% w/vol CM and APM1. Control groups with no dieldrin (hydra media and sorbent 

controls) are included for comparison and show scores of 10 throughout the test period. 

Sorbent inclusion at 0.5% was able to significantly protect the hydra from dieldrin toxicity 

(**p≤0.01).

Hearon et al. Page 17

Environ Toxicol Chem. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Soil studies showing significant reduction of dieldrin bioavailability with inclusion of (a) 1% 

CM and (b) 1% APM1 (*p≤0.01). 1% CM and 1% APM1 inclusion provided 26.4 to 65.1% 

and 47.9 to 63.4% reduction in dieldrin bioavailability, respectively.
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Fig. 6. 
Soil studies showing significant reduction of dieldrin bioavailability with inclusion of (a) 1% 

CM and (b) 1% APM1 (*p≤0.01). 1% CM and 1% APM1 inclusion provided 26.4 to 65.1% 

and 47.9 to 63.4% reduction in dieldrin bioavailability, respectively.
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