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Abstract

Polychlorinated biphenyls (PCBs) have been detected as prevalent environmental contaminants in 

water, food and biota. Previous studies in vitro have shown that a variety of sorbent materials, 

including carbon, can sorb PCBs; however, PCB sorbents that can be added to food or drinking 

water to decrease toxin bioavailability in humans and animals have not been reported. To address 

this problem, we have developed a broad-acting and highly effective sorbent for PCBs using 

montmorillonite clays reported to be safe for consumption in animals and humans. In this study, 

calcium montmorillonite clays were acid processed (APMs) and the interactions of six PCB 

congeners (PCB 77, 126, 153, 157, 154 and 155) on the surfaces of APMs were characterized. 

Computational models and isothermal analyses were used to derive surface capacities and 

affinities, delineate mechanisms and predict the thermodynamics of sorption. To confirm the safety 

and predict the efficacy of APMs against individual PCBs and common mixtures (Aroclors 1254 

and 1260), we have also used a living organism (Hydra vulgaris) that is sensitive to toxins. APMs 

significantly protected hydra against the toxicity of PCBs and Aroclors. This finding was 

supported by studies showing tight binding; high capacity, affinity, and enthalpy; and a low 

therapeutic dose.

Capsule

APMs were shown to be broad-acting sorbents that can tightly bind PCBs and mixtures of PCBs, 

mitigating toxicity in a living organism and reducing potential exposures to humans and animals.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are complex mixtures of isomers and congeners that were 

marketed as commercial products based on their percentage of chlorine composition. Their 

physical and chemical properties such as low vapor pressure, low aqueous solubility, and 

inertness to water, acid, alkali and heat contribute to their extreme persistence in the 

environment, which results in their bioaccumulation and sustainability in food chains, 

especially fish and aquatic species (Fadaei et al., 2015). Because of their extensive usage 

from the 1930s to the 1970s, significant levels of PCBs can be found in all components of 

the global ecosystem. Their contamination can be enhanced during events such as 

hurricanes, floods, heavy rain, and storms. These events can result in mobilization and 

redistribution of PCB contaminated sediments, thus enhancing exposures and adverse health 

impacts in vulnerable populations at the site of disasters. Coplanar PCB congeners such as 

PCB 77 (3,3’,4,4’-tetrachlorobiphenyl) and PCB 126 (3,3’,4,4’,5-pentachlorobiphenyl) are 

non-ortho substituted and dioxin-like PCBs (Fig. 1A and B) (Safe, 1994). Non-coplanar 

PCB congeners such as PCB 153 (2,2’,4,4’,5,5’-hexachlorobiphenyl, di-ortho-substituted) 

are ortho substituted that do not exhibit dioxin-like toxicities and these compounds are 

detected at higher levels than the dioxin-like PCBs (Fig. 1C). PCB 153 is among the most 

predominant of the PCBs found in human tissue and is sometimes used as an indicator for 

the total human PCB-burden (Johansson et al., 2006). To investigate the structural 

mechanism of PCB adsorption, hexachlorobiphenyl PCBs, other than PCB 153, have also 

been studied, including PCB 157 (2,3,3’,4,4’,5’-hexachlorobiphenyl, mono-ortho-

substituted), PCB 154 (2,2’,4,4’,5,6’-hexachlorobiphenyl, tri-ortho-substituted) and PCB 

155 (2,2’,4,4’,6,6’-hexachlorobiphenyl, tetra-ortho-substituted) (Fig. 1D–F). These PCB 

congeners have different toxicological, structural and chemical properties based on 
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variations in the amount and position of chlorine substitutions around the biphenyl rings, and 

they represent model substances for the different classes of PCBs.

Due to the lipophilic nature of PCBs, they tend to be strongly sorbed by soils and sediments, 

resulting in widespread PCB contaminated sediments. Studies have reported that activated 

carbon is the most effective sorbent for PCBs and is used in remediation of PCB 

contaminated soil, but adsorption isotherms for PCBs by activated carbon in water suggest a 

weak physisorption activity, although the thermodynamics of this interaction have not been 

reported (Fairey et al., 2010, McDonough et al., 2008). Additionally, incomplete combustion 

contributes to the formation of polycyclic aromatic hydrocarbons (PAHs) and other 

hazardous organic contaminants, which limits the use of carbon as a toxin enterosorbent for 

human and animal consumption (Mohammad-Khah and Ansari, 2009). Previous studies 

have shown that soil organic matter (SOM) in clay-based materials is the major sorptive 

component in soils and sediments for PCBs, however, the primary interaction of PCBs with 

these clay minerals is thought to be a partitioning mechanism, instead of stable and saturable 

binding at specific sites (Hiraizumi et al., 1979, Liu et al., 2015). Through physisorption 

mechanisms, PCBs bound to these types of clays, are attached to the surface of the adsorbent 

through weak interactions, with an enthalpy (heat of sorption) equal to less than −20 kJ/mol. 

Olestra™, a nonabsorbable fat substitute for potato chips, has been reported to decrease 

PCBs in rats and humans (Geusau, et al., 1999, Jandacek et al., 2014). However, it was 

banned from food markets in the U.K. and Canada due to side effects in the gastrointestinal 

track and weight gain (Nestle, 1998, Swithers et al., 2011). Therefore, the objective of this 

study was to develop a toxin binding clay with high capacity and enthalpy for PCBs that can 

reduce human and animal exposures when included in food or water. PCB binding 

enterosorbents can be delivered before each meal in the form of powder, pills, capsules, 

tablets, sachets, vitamins, snacks, or flavored water to decrease the frequent exposure of 

humans to PCBs through contaminated fish and seafood.

Previously, montmorillonite clays have been shown to be safe for consumption in animals 

and humans based on multiple animal interventions and six clinical trials in the US and 

Africa (Phillips et al., 2019). To develop safe and effective sorbents for PCBs, 

montmorillonite clays were processed with sulfuric acid (APMs), resulting in the 

enhancement of active surface area and porosity. The treatment of montmorillonite clays 

with high concentrations of acid facilitates the replacement of interlayer cations with 

protons, following the gradual dissociation of tetrahedral and octahedral layers in the clay 

structure. The final APM product is a mixture of delaminated montmorillonite layers along 

with amorphous silica chains, amorphous silica, and cross-linked silica (Fig. 1G) (Komadel 

et al., 1990, Madejova et al., 1998, Tyagi et al., 2006). A pH of 3 in the final product is 

similar to the pH of acidic foods, such as chocolate, cheese, and meat. In fact, acidic food 

additives can commonly enhance taste and appetite, and increase palatability and 

consumption (Deshpande et al., 2015). Additionally, sulfuric acid is permitted in food and 

feed to adjust pH (Government of Canada, 2017). Thus, APMs for short-term treatment at 

low inclusion levels in the diet of humans and animals should be safe.

In this study, we have characterized the sorption of six different PCBs onto APMs and 

investigated thermodynamic and structural mechanisms of sorption. Computational models 
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and isothermal analyses were used to delineate mechanisms and to predict the 

thermodynamics of sorption. Equilibrium isothermal adsorption and dosimetry studies were 

conducted to determine sorption parameters and to investigate: 1) sorption capacities and 

affinities, 2) thermodynamics of toxin/surface interactions, 3) estimated dose of sorbent 

required to maintain toxin threshold limits, and 4) potential structural mechanisms of 

sorption. We have also used Hydra vulgaris (a living organism) to confirm the safety and 

predict the efficacy of APMs against individual PCB congeners as well as commercial 

Aroclors. Aroclors are complex mixtures of PCBs that were extensively used as dielectric 

fluids in transformers, plasticizers, and heat-exchange fluids. Among these, Aroclors 1254 

and 1260 were the most commonly used in the US; they are toxic to laboratory animals 

(Albro et al., 1981, ATSDR, 2010, EPA, 1989, Mayes et al., 1998), and thus were chosen for 

studies in the hydra assay.

MATERIALS AND METHODS

Materials and reagents

Parent montmorillonite used in this study is available from BASF in Lampertheim, Germany 

with a total surface area of approximately 850 m2/g and an external surface area of 70 m2/g 

(Grant and Phillips, 1998). The generic formula is: (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O. 

Samples of the clay contain orthoclase feldspars, calcite, mica, quartz, and sanidine as 

impurities (Phillips et al., 2008). Coconut shell activated carbon was purchased from 

General Carbon Corporation (Paterson, NJ). This material was selected because it is widely 

used for the removal of organic compounds and it is suitable for drinking water and food 

grade applications. Reagents including high pressure liquid chromatography (HPLC) grade 

acetonitrile and pH buffers were purchased from VWR (Atlanta, GA). Sulfuric acid (H2SO4, 

95–98%) was purchased from Aldrich Chemical Co. (Milwaukee, WI). PCB congeners and 

Aroclors (with a purity > 99%) were gifts from Dr. Stephen Safe’s laboratory at Texas A&M 

University (College Station, TX) (Mullin et al., 1981, 1984). Ultrapure deionized water 

(18.2 MΩ) was generated by an Elga™ automated filtration system in the lab (Woodridge, 

IL).

Synthesis of APMs was previously described by Wang, et al (2019). Briefly, 

montmorillonite was treated with sulfuric acid to derive 12 and 18 normality. The clay 

suspensions were mixed and maintained at 60°C overnight. The slurry was centrifuged at 

2000 g for 20 min and rinsed thoroughly with distilled water until constant pH was reached. 

All products were desiccated at 110°C overnight and sieved through 125 μm to achieve 

uniform size before use (Neji et al., 2011, Resmi et al., 2012). The acid process results in an 

increase in surface acidity and an increase in surface area, ranging from 1172 m2/g to 1213 

m2/g. It is higher than coconut shell activated carbons (average area of 1100 m2/g) and the 

parent montmorillonite clay (average area of 850 m2/g). The process also produces 

permanent mesoporosity in the clay structure and reduces metal ions in the interlayer, which 

partially delaminates the clay. During the strong acid treatment, a large increase in pore 

volume and an increase in larger pore size distribution were observed (Amari et al., 2018). 

FTIR and SEM data for similar products have been reported (Amari et al., 2018; Mekewi et 

al., 2016; Tyagi et al., 2006).
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Adsorption isotherms

The toxin stock solutions were separately prepared by dissolving pure crystals into 

acetonitrile to yield 15 ppm (μg/mL) PCB solutions. We used acetonitrile for isothermal 

analysis because: 1) the solubility of PCBs is limited in water, 2) acetonitrile is a “polar 

aprotic solvent” that does not affect the interlayer structure of montmorillonite clays, and 3) 

acetonitrile does not interfere with the UV absorbance of PCBs like DMSO. In vitro studies 

have demonstrated that acetonitrile is an effective solvent for the delivery of lipophilic toxins 

to clay surfaces, and can be used to determine theoretically “maximum” capacities and 

affinities of toxin-saturated sites. These studies provide valuable insight and information 

about potential binding sites and mechanisms of surface interaction for PCBs. Importantly, 

supplemental (in vivo) studies with PCBs have confirmed the binding efficacy of these 

toxins that were predicted from isotherm results with acetonitrile.

The isotherm methodology was previously described in our laboratory (Grant and Phillips, 

1998). Briefly, 0.001% sorbents were added to an increasing gradient of toxin solutions in 

disposable glass tubes. The toxin gradient was prepared by mixing a calculated amount of 

toxin stock solution with a complementary volume of acetonitrile. The 0.001% sorbent was 

obtained by adding 10 μL of 2.0 mg/mL clay suspension with vigorous stirring. 

Additionally, we tested 3 control groups including acetonitrile, toxin stock solution and 

0.001% sorbent in acetonitrile. In all treatments, tubes were capped and agitated at 1000 rpm 

on shakers for 2 h at ambient temperature (26 °C) and body temperature (37 °C) for 

thermodynamic experiments. This was followed by centrifugation at 2000 g for 20 min to 

separate the clay/toxin complex from solution. The detection and quantitation method using 

UV-visible scanning spectrophotometry has been well-established for single PCB congeners 

and Aroclors. This method has been widely used to accurately quantitate PCB 77 at 260.9 

nm, PCB 126 at 264.5 nm, PCB 153 and 154 at 207.2 nm, PCB 154 at 280 nm, and PCB 

157 at 254.9 nm (Andersson et al., 1997, Grant and Phillips, 1998, Hutzinger et al., 1974, 

Wang et al., 2017, 2019).

The highest limit of detection (LOD) was 0.5 ppm for six individual PCB congeners, which 

was below the concentration gradient of PCBs for isothermal analysis (i.e., 0.75 ppm – 15 

ppm). Standard toxin solutions were spiked before and after 2 h of agitating and the relative 

standard deviations (RSD) were < 4%, indicating a high recovery percentage and limited 

nonspecific binding. The detection methods were validated using standard calibration 

curves. Standard solutions of PCBs were prepared in acetonitrile at concentration gradients 

between 0.25 ppm and 20 ppm and these were used to plot standard curves with high linear 

correlations (r2 > 0.99).

Data calculations and curve fitting

From the equilibrium isotherms, the toxin concentration in solution (x-axis) was determined 

using a scanning UV-visible spectrophotometer. The amount of adsorbed toxin at each 

concentration gradient was calculated from the concentration difference between control and 

test groups. More specifically, the amount bound (mol/kg) was calculated from the 

difference between free toxin in the test solution and the control groups divided by the mass 

of the clay added. The Langmuir equation was used to plot equilibrium isotherms for the 
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toxin/clay binding reactions; the heat of toxin sorption to clay surfaces (ΔH) was derived 

from the Van’t Hoff equation by applying individual Kd values at temperatures of 26 °C and 

37 °C as previously described (Wang et al., 2017, 2019).

Dose of sorbents required to maintain threshold limits of PCBs

PCBs (especially those with 4, or fewer, chlorines) can enter drinking water by runoff from 

landfills or industrial waste discharge or industrial incinerators (ATSDR, 2000, 2011; 

OEHHA, 2007; USEPA, 2014). The maximum contamination level for PCBs in drinking 

water has been set as 0.5 ppm by USEPA (comptox.epa.gov/dashboard; EPA, 2012). In 

dosimetry studies, 1 ppm PCB test samples representing twice the threshold limits, were 

prepared from stock solutions. Sorbents were added to 2.0 mL of toxin solution resulting in 

0.005, 0.02, 0.05, 0.1, 0.5 mg sorbent/mL. Control groups included PCB stock solutions. All 

groups were agitated at 1000 rpm for 2 h and centrifuged at 2000 g for 20 min. Aliquots of 

toxin were measured by UV-Visible scanning spectrophotometry and free toxin 

concentrations were calculated. The toxin sorption percentage was determined by the 

difference between test and control groups. Algorithms were derived by methods previously 

described for other toxins by Wang et al. (2019). This procedure was used in this study to 

predict therapeutic doses of test sorbents for PCBs.

Hydra assay

Earlier work with Hydra vulgaris in culture has shown that this organism can be utilized to 

screen contaminated water and environmental samples due to its pronounced susceptibility 

to toxins. In extensive studies in our laboratory, we have used Hydra vulgaris to confirm the 

toxicity of diverse chemicals (i.e., mycotoxins, pesticides, PAHs, commercial solvents, 

plasticizers and metals) and to predict the detoxification of contaminated solutions. In 

preliminary work with hydra, whole-log concentrations of individual chemicals were 

exposed to determine potency. The minimum effective dose was determined by bracketing 

the toxic endpoint to the nearest tenth (1/10) of a log (Mayura et al., 1991). Importantly, we 

have used this organism to select optimal sorbents for food-borne and environmental toxins, 

prior to safety and efficacy studies in animals and humans. In these studies, the hydra assay 

has significantly confirmed our in vitro, in vivo, and in silico results.

Hydra vulgaris were obtained from Environment Canada (Montreal) and kept at 18 °C. A 

morphological method was used to describe adult hydra and classify the adverse effects of 

toxins (Wilby et al., 1990). In the hydra assay, mature and non-budding hydra of similar size 

were tested to minimize differences between samples. Toxin treatment groups included 40 

ppm PCB 77, 30 ppm PCB 126, 30 ppm PCB 153, 20 ppm Aroclor 1260 and 20 ppm 

Aroclor 1254 in aqueous hydra media with 1% DMSO (based on predetermined toxicity 

levels at 92 h). The hydra method was used to confirm the toxicity of PCBs and the ability of 

test sorbents to protect a living organism from these toxins in aqueous solution. All sorbent/

toxin mixtures were shaken at 1000 rpm for 2 h and centrifuged at 2000 g for 20 min, prior 

to exposure of hydra to toxins in Pyrex dishes. Three adult hydra in each group were added 

to 4.0 mL of test media and maintained at 18 °C. The monitoring times were at shorter 

intervals during the first two days and 24 h intervals for the last three days (0, 4, 20, 28, 44, 

68, and 92 h). The hydra morphological response was scored from 0–10, where 10 indicated 
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healthy hydra and 0 indicated lethality following treatment. Toxicity was calculated from the 

average score for morphological changes at a specific time point for each group.

Molecular model protocols

The molecular models for PCBs and APMs were drawn in ISIS Draw 2.0 (MDL Information 

Systems, Inc., Hayward, California) and then imported into HyperChem 8.0. All chemical 

structures were energy-minimized using the semiempirical quantum mechanical AM1 

method. The unit cell coordinates of muscovite were used to construct the models 

(Richardson and Richardson, 1982). These coordinates were then converted to orthogonal 

coordinates and the unit cells defining the clay structure were replicated in three-

dimensional space using the symmetry operations for a C2/c space group (Donnay, 1952). 

The d001 spacing of the clay model was then set to 21 Å (Greenland and Quirk, 1960). The 

molecular conformations of PCBs were constructed with the fixed dihedral angles between 

the biphenyl rings, thus allowing strain energies between adjacent atoms to be minimized.

Statistical analysis

Statistical significance was calculated by a two-way t-test. Each experiment was 

independently triplicated to derive an average and standard deviation. Morphological scores 

in the hydra assay were included to calculate difference between media control (score 10) 

and test groups. The t-value was calculated (N = 3) and compared in a p-value table to 

determine the statistical significance. Results were considered significant at p ≤ 0.05.

RESULTS AND DISCUSSION

Figure 1 illustrates two common coplanar PCBs, i.e. PCB 77 and 126 (Fig. 1A and B), four 

hexachlorobiphenyl congeners with variable substitution patterns, i.e. PCB 153, 157, 154, 

155 (Fig. 1C–F) and energy minimized molecular models of APMs (Fig. 1G). The isotherms 

for the sorption of the most dominant PCB congeners found in the environment onto parent 

montmorillonite, APM clays, and activated carbon at 26 °C are shown in Figure 2. The 

coplanar PCBs (PCB 77 and 126) exhibited a higher binding capacity (Qmax) and affinity 

(Kd) than the non-coplanar PCB 153 in the presence of parent montmorillonite clay, or the 

APMs, or activated carbon. The binding of coplanar PCBs fit the Langmuir model for all 

three types of sorbents, indicating homogeneous and saturable binding sites for these 

congeners. Isotherms for the non-coplanar PCBs indicated a partitioning interaction of 

toxins on the surfaces of montmorillonite clay and activated carbon. Similar PCB sorption 

trends were previously reported for other organic and inorganic sorbents at lower levels of 

toxin dissolved in aqueous media, and these studies were consistent with our isotherm 

results in acetonitrile. The notable difference in sorption effectiveness between the different 

PCB congeners may be explained by steric effects. The dihedral angles between the 

biphenyl rings are fixed at the following three values: 44° for PCB congeners without ortho 

substitution (PCB 77 and 126), 57° for congeners with ortho substitution on one phenyl ring 

(PCB 157), and 74° for congeners with ortho substitution on both rings (PCB 153, 154 and 

155) (Dunnlvant and Elzerman, 1992). This result agrees with previous studies showing that 

coplanar PCBs showed higher adsorption than non-coplanar PCBs (Liu et al., 2015). Our 

results (using acetonitrile as the solvent vehicle) showed that the isotherm plots of APMs 
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with PCB 77, 126 and 153 all fit the Langmuir sorption isotherm model (r2 > 0.8), indicating 

saturable binding sites for PCBs on APM surfaces. The derived Qmax values of APMs 

increased from the parent montmorillonite and activated carbon for all three PCBs, 

suggesting improved binding ability of APMs versus parent montmorillonite and carbon; 

this increase is probably due to 50% higher surface areas (more porosity) and more 

variations of types of binding sites than that of parent clays and carbon (Wang et al., 2019).

To further investigate the structural mechanism of PCB binding, other hexachlorobiphenyl 

PCBs were also studied, including PCB 157 (2,3,3’,4,4’,5’-hexachlorobiphenyl, mono-

ortho-substituted), PCB 154 (2,2’,4,4’,5,6’-hexachlorobiphenyl, tri-ortho-substituted) and 

PCB 155 (2,2’,4,4’,6,6’-hexachlorobiphenyl, tetra-ortho-substituted). Although PCB 157 is 

coplanar, it has mono-ortho-substitution that results in a higher dihedral angle compared to 

other coplanar PCBs with no ortho substitution (PCB 77 and 126). As illustrated in Figure 

3A, isotherms of PCB 157 showed a Freundlich (partitioning) trend onto montmorillonite 

clay surfaces, indicating less binding sites and tightness compared to the Langmuir trend 

shown for PCB 77 and 126. APMs increased the binding to a saturable curve that fit the 

Langmuir model, but its binding capacity was slightly lower than that of PCB 77 and 126. 

Like PCB 153, PCB 154 also has ortho-substitution on both rings and this results in similar 

binding isotherm plots with comparable Qmax values (Fig. 3B). PCB 155 has four ortho-

chlorine substituents on both rings. Although the dihedral angle is fixed and it is the same as 

PCB 153 and 154, the isothermal results in Figure 3C showed a significantly decreased Qmax 

for PCB 155, suggesting that other possible binding mechanisms in addition to the dihedral 

angle are important. It is possible that the number of ortho chlorine substitution can limit the 

access to the interlayers or pores of the sorbents due to size of the chlorine atoms. Further 

studies are warranted to determine the mechanisms of PCB sorption to APMs and parent 

montmorillonite clays. For all six PCB congeners tested, APM clays showed the highest 

binding capacities.

PCBs accumulate in sediments at the bottom of streams, rivers, lakes and coastal areas. 

These chemicals have also been shown to accumulate in the fatty tissues of fish, shellfish 

and other animals; in high concentrations, they can pose serious health risks to people who 

frequently eat contaminated fish and seafood. This problem is magnified during events such 

as hurricanes, floods, heavy rain, and storms, when PCB contaminated sediments are 

mobilized and redistributed, thus enhancing exposures and adverse health impacts of these 

toxin in vulnerable humans and animal populations at the site of disasters. Because fish is an 

important part of a healthy diet for humans, the ability to limit consumption of PCB-

contaminated fish and seafood is highly desirable. Statewide advisories also urge people to 

limit their consumption of all fish and shellfish from freshwater or coastal areas. For 

example, Texas Department of State Health Services (DSHS) recently issued a fish 

possession and consumption ban for various portions of rivers due to high PCB 

contamination (TCEQ, 2019). Other than seafood, humans are also exposed to PCBs 

through eating meat and dairy products (Ahmadkhaniha et al., 2017, Chen et al., 2017). 

PCBs can occur in the fat and viscera of cattle and in milk and eggs. The results of our work 

suggest that APM could be included in the diet to reduce human and animal exposures to 

PCBs that are amplified during disasters and flooding. As part of this study, it was important 

to gain insight into PCB binding mechanisms onto the surfaces of APMs and the 
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thermodynamics of the toxin/surface interactions. To calculate the binding enthalpy of APM 

clays for PCBs, isotherms were run at 2 different temperatures, i.e., 26 °C (T1) and 37 °C 

(T2). Calculated enthalpies (ΔH) for APM-12N and APM-18N were equal to −136 kJ/mol 

and −86 kJ/mol for PCB 77, −51 kJ/mol and −148 kJ/mol for PCB 126, and −76 kJ/mol and 

−55 kJ/mol for PCB 153, respectively (Fig. 4). These high enthalpy absolute values indicate 

that the representative coplanar and non-coplanar PCBs are chemisorbed tightly to the 

APMs, which is consistent with the Langmuir model for the isothermal interaction. A 

summary of adsorption parameters for six PCB congeners onto surfaces of parent 

montmorillonite, APMs, and activated carbon is shown in Table 1.

Additionally, we determined a therapeutic dose of APMs required to reduce PCB exposures 

higher than the action level. The regulatory threshold or maximum contaminant level (MCL) 

for PCBs in water in the United States is equal to 0.5 ppm. We exposed both coplanar (PCB 

77) and non-coplanar (PCB 153) at twice the MCL (1 ppm) to an increasing dose of sorbent 

treatment from 0.005 g/kg to 0.5 g/kg. An algorithm was derived to calculate the amount of 

sorbent that would bind 50% of the PCBs, thus maintaining the MCL at 0.5 ppm. The 

dosimetry results (Fig. 5) showed that the predicted inclusion rates for APM-12N and 

APM-18N were equal to 0.11 g/kg and 0.05 g/kg (w/w) for PCB 77, and 0.01 g/kg and 

0.001 g/kg for PCB 153, respectively. Assuming the average adult has a food intake of 3 

kg/day and 3 meals/day, then the appropriate dose of APMs could be delivered in a variety 

of forms, including powder, snacks, capsules, tablets, vitamin supplements, food, and 

flavored water. Importantly, APMs can be used to protect people and animals consuming 

PCB contaminated seafood, meat, dairy products and water at the site of disasters and 

floods. The low inclusion rates of APMs were consistent with our isothermal results 

suggesting high capacity binding of PCBs to APM surfaces and confirming that APMs 

increased binding effectiveness for PCBs more than the parent montmorillonite clay. This 

data could be helpful to determine dosage requirements for enterosorbent therapy in animals 

and humans, and other potential applications with APMs during disasters.

The isothermal results, the safety and the efficacy of the APMs were confirmed in a living 

organism using the hydra assay in aqueous media (Fig. 6). Individual toxin exposure with 40 

ppm PCB 77, 30 ppm PCB 126 and 30 ppm PCB 153 resulted in severe and irreversible 

toxicity to hydra. Following the inclusion of 0.1% APMs, adult hydra were completely 

(100%) protected from PCB 77 toxicity. Also, APM sorbents significantly protected the 

hydra (in vivo) against PCB 126, with protection percentages at the endpoint of the assay 

equal to 100% and 90% for APM-12N and APM-18N, respectively. At the same inclusion 

rate, APM sorbents also showed moderate protection against PCB 153 with protection 

percentages equal to 33% and 50% for APM-12N and APM-18N, respectively. The more 

significant protection by APMs against PCB 77 and 126 was consistent with the isothermal 

results indicating that binding was favored for coplanar PCBs more than non-coplanar PCBs. 

Although there was relatively less protection against PCB 153, the inclusion rate of APM 

treatment was only 0.1%; the percent protection should be further enhanced with higher 

inclusion rates of clay based on our previous research.

Aroclor 1254 and 1260 were the most widely used industrial PCBs in the United States and 

both mixtures are toxic based on laboratory animal studies. As shown in the results of the 
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hydra assay in Figure 7, 20 ppm Aroclor 1260 and 1254 were moderately toxic to hydra, and 

the toxicity was irreversible. APM treatments at 0.2% inclusion rate were able to provide 

80% and 75% protection against individual Aroclor 1260 and 1254, respectively, compared 

to less from parent montmorillonites (60% and 25% protection). Importantly, this result 

suggests that APMs can effectively sorb Aroclors and possibly other mixtures of PCBs. 

Dosimetry studies with Aroclor 1254 and 1260 (data not shown) resulted in averages of 60% 

and 77% binding of 1 ppm Aroclor 1254 and 1260 at inclusion rates equal to 0.005% and 

0.1%, respectively. These in vitro results were similar to in vivo findings with hydra (Fig. 7) 

and demonstrate the ability of APMs to sorb complex PCB mixtures and reduce their 

toxicity in a living organism. Rodent assays followed by biomonitoring in tissues are needed 

to further investigate the sorption efficacy of APMs in reducing Aroclor exposures in 

humans and animals.

CONCLUSIONS

Based on a combination of in vitro, in vivo and molecular simulation studies, the mechanism 

of action appears to involve steric hindrance associated with ortho-chloro substituents, which 

limit or restrict access of the potent compound to the surfaces and pores of montmorillonite 

clay and activated carbon, reducing their sorption capacities and affinities. This restriction 

was overcome by APMs with higher surface area, porosity, and chains of amorphous silica 

at the edges of the clay that provided increased binding sites, and higher binding capacities, 

affinities and enthalpies for both coplanar and non-coplanar PCBs. Moreover, APMs 

maintained threshold limits at low dose levels and resulted in effective protection against 

PCBs and Aroclors.

Besides PCBs, it is possible that APMs, and similar materials, will be broad-acting to reduce 

exposures to diverse environmental contaminants in food and drinking water. The short-term 

administration of APMs in the diet of humans and animals can minimize unintended toxin 

exposures from contaminated food and water supplies.
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HIGHLIGHTS

• PCBs and mixtures were chemisorbed onto the surfaces of processed clays 

(APMs)

• APMs showed high capacities, affinities, enthalpies and efficacy for PCBs

• APMs (at low doses) protected against PCBs and Aroclors in vivo

• Steric effects and ortho chlorine substitution were important for PCB sorption

• Low doses of APMs could reduce PCB exposures in humans and animals
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Figure 1. 
Chemical structures and molecular models of PCB 77 (A), 126 (B), 153 (C), 157 (D), 154 

(E), and 155 (F) illustrating the spatial orientation and dihedral angles (carbon = cyan; 

hydrogen = white; chlorine = yellow). Energy minimized molecular models of parent 

montmorillonite versus APM products (G) (oxygen = red; silicon = yellow; aluminum = 

cyan).
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Figure 2. 
Langmuir plots of coplanar PCB 77 (A) and PCB 126 (B), and non-coplanar PCB 153 (C) 

bound to the surfaces of APMs versus parent montmorillonite clays (Mont) and activated 

carbon (AC) at 26 °C (T1).
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Figure 3. 
Langmuir plots of hexachlorobiphenyl PCBs, including coplanar PCB 157 (A) and non-

coplanar PCB 154 (B) and PCB 155 (C) bound to the surface of APMs versus parent clays 

(Mont) at 26 °C.
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Figure 4. 
Langmuir plots of coplanar PCB 77 (A) and PCB 126 (B), and non-coplanar PCB 153 (C) 

bound to the surfaces of APMs versus parent clays (Mont) at 37 °C (T2).

Wang et al. Page 18

Environ Pollut. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Extrapolation of the sorbent doses required to bind and decrease exposures from 1 ppm PCB 

77 (A) and PCB 153 (B).
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Figure 6. 
Hydra toxicity and protection by montmorillonite clay and APMs at the 0.1% inclusion level 

against 40 ppm PCB 77(A), 30 ppm PCB 126 (B), and 30 ppm PCB 153 (C). Hydra media 

and toxin controls are included for comparison. APM sorbents completely protect (100%) 

against PCB 77. APM sorbents also protect against PCB 126 and 153. The protection 

percentages for PCB 126 and 153 at the endpoint are as follows: (B) APM-12N: 100%, 

APM-18N: 90%. (C) APM-12N: 33%, APM-18N: 50%. (* p ≤ 0.05, ** p ≤ 0.01).
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Figure 7. 
Hydra toxicity and protection by montmorillonite clay and APMs at the 0.1% inclusion level 

against 20 ppm Aroclor 1260 (A) and 20 ppm Aroclor 1254 (B). Hydra media and toxin 

controls are included for comparison. APMs showed significant protection against Aroclor 

toxicity. The protection percentages for Aroclor 1260 and 1254 at the endpoint are as 

follows: (A) Mont: 60%, APM-12N: 80%, APM-18N: 80%. (B) Mont: 25%, APM-12N: 

75%, APM-18N: 75%. (* p ≤ 0.05, ** p ≤ 0.01).
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Table 1.

Summary table of binding parameters for sorbents

PCB 77 T1 PCB 77 T2 PCB 126 T1 PCB 126 
T2

PCB 153 
T1

PCB 153 
T2

PCB 157 
T

PCB 154 T PCB 155 
T

Mont Qmax = 0.13 Qmax = 
0.11

Qmax = 0.19 Qmax = 
0.09

Kd = 2E5 Kd = 8E4 Kd = 1E3 Qmax = 0 Kd = 6E2

Kd = 5E5 Kd = 1E5 Kd = 8E5 Kd = 1E5 Kd = 0

APM-12N Qmax = 0.34 Qmax = 
0.16

Qmax = 0.36 Qmax = 
0.18

Qmax = 0.1 Qmax = 
0.43

Qmax = 
0.23

Qmax = 
0.16

Qmax = 
0.05

Kd = 1E6 Kd = 2E5 Kd = 2E5 Kd = 7E4 Kd = 1E5 Kd = 4E4 Kd = 4E4 Kd = 3E5 Kd = 3E5

APM-18N Qmax = 0.27 Qmax = 
0.19

Qmax = 0.34 Qmax = 0.2 Qmax = 
0.22

Qmax = 
0.39

Qmax = 
0.21

Qmax = 0.3 Qmax = 
0.09

Kd = 2E5 Kd = 5E4 Kd = 5E5 Kd = 6E4 Kd = 1E5 Kd = 5E4 Kd = 9E4 Kd = 2E6 Kd = 1E5

AC Qmax = 0.12 N/A Qmax = 0.15 N/A Kd = 3E2 N/A N/A N/A N/A

Kd = 2E5 Kd = 5E4
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