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ABSTRACT 

 

SAQUING, JOVITA MARQUEZ. Sorption Behavior and Persistence of Organic 

Contaminants in Landfills. (Under the direction of Drs. Detlef R.U. Knappe and Morton 

A. Barlaz). 

 

Sorption and desorption are important processes governing the distribution and fate of 

hydrophobic organic contaminants (HOCs) in landfills. The principal objectives of this 

research were to evaluate factors that control the sorption and desorption of HOCs from 

municipal solid waste (MSW), and to develop quantitative descriptions of sorption and 

desorption that are sensitive to waste composition. 

 

Desorption rates of toluene, o-xylene and tetrachloroethene from individual MSW 

components [high-density polyethylene (HDPE); poly(vinyl chloride) (PVC); office 

paper (OP); newsprint (NP); and rabbit food (RF), a model food and yard waste] were 

determined. The effects of sorbent and sorbate properties, solvent composition (ultrapure 

water, acidogenic and methanogenic leachates), and contact time (“aging”) on desorption 

rates were evaluated. HOC desorption rates from plastics were rapid for HDPE (D = 10
-10

 

cm
2
/s), a rubbery polymer, but slower for PVC (D = 10

-13
-10

-14
 cm

2
/s), a glassy polymer. 

For biopolymer composites, a large fraction (45-94%) of sorbed HOCs was rapidly 

released (Dr = 10
-9

-10
-10

 cm
2
/s) while the remaining fraction desorbed slowly (Ds = 10

-11
-

10
-16

 cm
2
/s). The toluene desorption rate from PVC was one order of magnitude faster in 
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acidogenic leachate than in either ultrapure water or methanogenic leachate, a result that 

was primarily attributed to the plasticizing effect of volatile fatty acids in acidogenic 

leachate. Solvent composition did not otherwise influence HOC desorption rates.  For 

biopolymer composites, small increases in the slowly desorbing HOC fraction were 

observed with increased aging time. 

 

The impact of discarded plastic materials on the fate and transport of HOCs in landfills 

was also examined. Sorption affinity and (de)sorption rates of toluene were compared for 

individual MSW post-consumer plastics (drinking water container, prescription drug 

bottle, soda bottle, disposable cold cup, computer casing, furniture foam, carpet, formica 

sheet and vinyl flooring) and model polymers (HDPE, PVC) at dilute aqueous 

concentrations. The studied plastic materials and model polymers were characterized [X-

ray diffractometry, differential scanning calorimetry, and C, H, and N analyses] to 

evaluate the effects of the amorphous fraction (famorphous) and the organic carbon fraction 

(foc) on toluene sorption, and to determine the rubbery and glassy behavior of post-

consumer plastics. Generally, partition coefficients (Kp) of toluene in plastic materials 

were 1 to 2 orders of magnitude higher than in biopolymer composites such as OP and 

NP. The Kp of toluene in plastics was affected by famorphous but not foc. The diffusivity (D) 

of toluene in rubbery plastics (model HDPE, drinking water container, and prescription 

drug bottle) was similar (D = 10
-10

 cm
2
/s). Among glassy plastics (model PVC, soda 
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bottle, computer casing, disposable cold cup), the diffusivity of toluene was also similar 

(D = 10
-12

 cm
2
/s) but two orders of magnitude smaller than for the rubbery plastics. 

 

 

To predict the solid-liquid partitioning of a range of HOCs, one-parameter linear free 

energy relationships (op-LFERs) between the organic-carbon-normalized partition 

coefficients (Koc) and the sorbate octanol-water partition coefficients (Kow) were 

developed for individual MSW components. Kp estimates for toluene sorption to two 

solid waste mixtures (i.e. one with and one without a glassy plastic) using the new op-

LFERs for individual MSW components were in close agreement with experimentally 

determined Kp values. Discrepancies were larger when Kp values determined with 

established op-LFERs that had been derived for soil and sediment organic matter, and a 

MSW mixture. Correlations between HOC diffusion coefficients in rubbery and glassy 

plastics and HOC molecular size were also established and confirmed. The ability to 

predict contaminant sorption as a function of both MSW composition and sorbate 

properties represents a step forward in describing contaminant fate and transport in solid 

waste systems.   
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Chapter 1 

INTRODUCTION AND OBJECTIVES 

 

1.1 Problem Statement 

The occurrence, concentration and mass flux of anthropogenic organic contaminants 

(AOCs) in the environment are major concerns because of potential risks to public and 

ecological health and welfare. AOCs vary from those with simple molecular structures 

and small molecular sizes [e.g., alkylbenzenes, chlorinated solvents] to those with 

relatively complex structures and larger molecular sizes [e.g., polyaromatic 

hydrocarbons, polychlorinated biphenyls, endocrine-disrupting chemicals (EDCs)]. In 

landfills, the presence of AOCs is well documented (1-3). Recent U.S. government 

guidance that recommends the disposal of discarded medications with municipal solid 

waste (MSW) (4-6) may lead to increased presence of EDCs in landfill leachate (7), an 

occurrence that has been detected from a recently excavated 25-year-old landfill waste 

deposit (8). Apart from emerging contaminants such as EDCs, many regulated 

contaminants are present in landfill leachate and landfill (1-3, 9-11) and processes 

governing their fate and transport in MSW landfills are poorly understood.  
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The fate and transport of AOCs is governed by a number of processes including 

sorption/desorption, volatilization, biodegradation, hydrolysis, diffusion and advective 

flow.  An understanding of all of these processes is required to parameterize models to 

describe AOC fate and transport in landfills. 

 

Sorption Equilibrium 

Sorption of AOCs to sorbent organic matter (SOM) in landfills is an important fate 

process, especially for contaminants that are hydrophobic and relatively non-volatile.  

The association of hydrophobic organic contaminants (HOCs) with SOM retards their 

transport and reduces their availability for biological and chemical degradation (12-17).  

The interaction between the sorbent (sorbing phase) and the sorbate (solute which is 

being sorbed) is generally termed “sorption”, while the terms “adsorption” and 

“absorption” are used to distinguish between sorbent-sorbate interactions at the surface 

and sorbate partitioning into an organic matrix, respectively (18).    

 

As shown in Figure 1, sorption/desorption processes control the distribution of HOCs 

between the solid and liquid phases. The relationship between the solid and liquid phase 

concentrations is described by the distribution coefficient (Kp): 

q = Kp Ce  
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Landfill Gas 

Landfill Leachate 

CLS 

LCS 

Transformation  

Waste 

solid (fs) gas (fg) 

Kp 
KH 

Soil Cover 

Volatilization Sorption/ 
Desorption 

water (fw) 

Abiotic Hydrolysis 
Biodegradation 

Humification 

where q is the amount of the organic contaminant sorbed per unit mass of solid (μg/kg) 

and Ce (μg/L) is the liquid or aqueous phase concentration of the contaminant at 

equilibrium (19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Little information is available on the solid/liquid partitioning of organic contaminants in 

MSW. Current models describing fate and transport of HOCs in landfills [e.g., modified 

MOCLA, (20); coupled reactor model, (21)] use a one-parameter linear free energy 

Figure 1. Schematic of fate pathways and distribution of organic 

contaminants in landfills. Adapted from ref (41). LCS is leachate collection 

system and CLS is composite liner system. 
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relationship (op-LFER) between the organic-carbon-normalized partition coefficient (Koc) 

and the octanol-water partition coefficient (Kow) to estimate HOC partitioning between 

solid and liquid phases.  

 

The most frequently used op-LFER was developed for soils and sediments (22). 

However, the composition and mass fraction of SOM in soils and sediments is very 

different from that of solid waste components; i.e., MSW is more heterogeneous in 

composition than the SOM of most soils and sediments. Furthermore, MSW is about 40-

50% organic carbon, and the organic carbon fraction (foc) exceeds 0.85 for some common 

MSW constituents such as polythelene (23, 24).  An op-LFER between Koc and Kow, has 

also been established for one MSW mixture (25), but the MSW composition in landfills 

varies with such factors as time, geographical location, socio-economic status, recycling 

practices, and landfill diversion programs such as composting. For example, in the 1960s, 

the composition of discarded MSW in the U.S. was 0.5% plastics, 30.2% paper, and 

39.0% food & yard wastes; while the corresponding values in 2007 were 16.9%, 22.3% 

and 25.1% (26). Because the sorption affinity of HOCs for individual MSW components 

varies with the chemical nature of the sorbent (24), the overall sorption affinity of a solid 

waste mixture will depend on its composition. Consequently, the op-LFER established 

for one MSW mixture cannot be generally applied to any MSW mixture. 
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Because of the variability in MSW composition, establishing op-LFERs for individual 

solid waste components would improve the prediction of sorption equilibrium parameters 

for traditional HOCs and emerging contaminants for which experimental data are limited 

or non-existent. While the op-LFER between Koc and Kow is well established for soils and 

sediments (18), op-LFERs for individual MSW components have not been developed to 

date. Once Koc values describing organic contaminant sorption to individual MSW 

components are estimated, the distributed reactivity model originally proposed for soil 

and sediment systems by Weber et al. (27) could be used to predict sorption isotherms for 

mixed MSW.  

 

Poly-parameter linear free energy relationship (pp-LFER) based on Abraham’s solute 

descriptors (28) were adopted more recently to estimate HOC sorption equilibrium 

parameters on soils and sediments (29, 30) and activated carbon (31). The application of 

pp-LFERs has the advantage that sorbate properties can be identified that play a role in 

specific sorbate-sorbent interactions. E.g., pp-LFERs involve parameters that describe the 

H-bonding capabilities of the sorbate and can probe how H-bonding between the sorbent 

and the sorbate or the solvent and the sorbates affects sorption uptake.  
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Desorption Kinetics 

For many HOCs, aqueous phase concentrations in landfills decrease as a result of 

biological and/or chemical processes as well as dilution due to stormwater infiltration 

(32, 33). As the liquid phase concentration decreases, a concentration gradient between 

the solid phase and the liquid phase is created (Figure 1). Because of the concentration 

gradient, sorbed organic contaminants are released into the liquid phase. The desorption 

rate of sorbed organic contaminants can be described by a Fickian diffusion model, in 

which the governing parameter is the intraparticle diffusion coefficient (D). For 

biopolymer composites such as food and yard wastes, the desorption rate has been 

described by three-parameter models involving two diffusion coefficients describing 

contaminant desorption from rapidly and slowly desorbing compartments and the mass 

fraction of the organic contaminant residing in the slowly desorbing compartment (34).      

 

Because many emerging contaminants are relatively large molecules (8), sorption and 

desorption kinetics are likely slower than those of more widely studied HOCs that are 

smaller in size (e.g., BTEX).  Desorption rates of sorbed HOCs from mixed MSW are 

strongly affected by the plastics content and particle size (i.e., thickness) of MSW 

constituents (35). Thus, it would be beneficial to establish and confirm correlations 

between HOC diffusion coefficients and sorbate properties for glassy and rubbery 

plastics so that the desorption rate of other HOCs from synthetic plastics can be 
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predicted. Diffusion coefficients of organic compounds in rubbery and glassy plastics are 

available over a limited range of molecular diameters [4.8 – 6.0 Å, (36-39)]. There is a 

need to expand the range of molecular sizes to enable the prediction of diffusion 

coefficients of larger HOCs because many regulated HOCs and emerging contaminants 

of concern are larger (e.g., molecular sizes of phenanthrene and bisphenol A are 6.4 and 

6.9 Å, respectively). Consideration of (de)sorption kinetics is essential in fate and 

transport modeling of HOCs when the time scale for (de)sorption kinetics is comparable 

with or longer than that of biodegradation.  

 

Volatilization 

At equilibrium, the relationship between the gas and liquid phase concentrations of 

volatile compounds is described by Henry’s law: 

Ca = KHCe  

where Ca is the concentration of organic contaminant in air, Ce is the liquid phase 

concentration, and KH is Henry’s constant. Volatilization and advective transport via 

landfill gas play an important role in the escape of volatile contaminants from landfills 

(40). 
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Chemical and Biological Processes 

Organic contaminants may also degrade or undergo transformation processes in the 

landfill due to microbial and/or abiotic processes (e.g., abiotic hydrolysis). The rate and 

extent of degradation or transformation of organic contaminants is an important 

parameter in a fate and transport model. Recent evaluation of chemical warfare agent 

(CWA) fate and transport in landfills indicated that abiotic hydrolysis is the primary 

pathway for many CWAs (41). Many CWA hydrolysis products are considered less toxic 

than the original agents and thus, could be more readily biodegraded than the parent 

CWA.   

 

Since the landfill environment is typically anaerobic after an initial aerobic phase (1), 

complete biodegradation of organic contaminants or their hydrolysis products would 

result in the production of CO2 and CH4.  A number of studies have shown that organic 

contaminants including alkylbenzenes, PCE and phthalates are biodegradable under 

landfill conditions (14, 33, 42-45). It is generally accepted that MSW landfills have 

diverse microbial populations that are capable of degrading various types of substrates 

including organic contaminants (42).  However, prolonged exposure of organic 

contaminants to SOM (i.e. aging), as would be expected in landfills, may decrease the 

bioavailability of HOCs because of increasingly slow HOC desorption from glassy 

organic matter (46, 47), and/or encapsulation in humic and humin portions of SOM (48). 
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Chen and co-workers (49) observed that the bioavailability of 
14

C toluene sorbed to 

MSW biopolymers decreased as aging time increased. Analysis of the 
14

C residual after 

the termination of the bioavailability tests indicated an increased association with humic 

substances as aging time increased. This study suggested that the residual 
14

C associated 

with humic substances was physically sequestered within and/or covalently bound to 

SOM. Through the process of humification, organic compounds or their metabolites are 

covalently bound to the humic substances in the SOM such that they are highly resistant 

to exhaustive extraction with organic solvents and microbial degradation (50). 

 

1.2 Research Objectives 

The principal objectives of this research were to evaluate factors that control the sorption 

and desorption of HOCs from MSW, and to develop tools with which parameters 

describing sorption and desorption processes can be estimated such that the parameters 

are sensitive to waste composition.   

 

Chapter 2 describes research on desorption rates of model HOCs (toluene, o-xylene, 

PCE) from a range of organic MSW components [high density polyethylene (HDPE), 

poly(vinyl chloride) (PVC), newsprint (NP), office paper (OP), and rabbit food (RF) as a 

model food and yard waste].   The effects of (1) sorbent characteristics, including the 



10 

 

effects of biological sorbent decomposition; (2) sorbate properties; (3) aging; and (4) 

leachate composition on HOC desorption rates were evaluated.  

 

Along with biopolymers (e.g. NP, OP, food and yard wastes), synthetic polymers or 

plastics constitute the SOM in landfills.  The plastics content of discarded MSW in U.S. 

landfills increased from ~ 0.5 % to ~ 17% between 1960 and 2007 (26). Previous work 

reported that HOC sorption affinity was higher for model rubbery (HDPE) and glassy 

(PVC) plastics relative to biopolymers (NP, OP, RF) MSW (24). In previous (de)sorption 

studies of HOCs, pure HDPE was used as a model for rubbery or “soft” plastics while 

pure PVC was used as a model for glassy or “hard” plastics. However, literature on the 

sorption of HOCs to actual consumer plastics at environmentally relevant concentrations 

(i.e., dilute aqueous concentrations) is scarce. Chapter 3 presents a study on the impact of 

plastics on the fate and transport of organic contaminants in landfills.  A range of post-

consumer plastics typically present in MSW were characterized and the rubbery and 

glassy plastic classification was evaluated. Comparison of sorption equilibrium and 

kinetic parameters of representative plastics and model polymers at dilute HOC aqueous 

concentrations are reported. 

 

Lastly, Chapter 4 presents a study on the estimation of sorption equilibrium and kinetic 

parameters for HOCs associated with typical MSW components. This research developed 

op-LFERs relating Koc and Kow for individual MSW components and confirmed the op-
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LFERs estimate for HOC sorption to two solid waste mixtures (i.e., one with and one 

without a glassy plastic). It also established and confirmed correlations between HOC 

diffusion coefficients in rubbery and glassy plastics and HOC molecular size. Moreover, 

the study evaluated the efficacy of a pp-LFER approach by comparing the goodness of fit 

of op-LFERs and pp-LFERs for selected sorbents (fresh NP, HDPE, mixed MSW).  The 

ability to predict contaminant sorption as a function of both MSW composition and 

sorbate properties represents a step forward in describing contaminant fate and transport 

in solid waste systems.   
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Abstract 

Desorption rates of toluene, o-xylene and tetrachloroethene (PCE) from individual 

municipal solid waste (MSW) components [high-density polyethylene (HDPE); 

poly(vinyl chloride) (PVC); office paper (OP); newsprint (NP); and rabbit food (RF), a 

model food and yard waste] were determined. Effects of sorbent and sorbate properties, 

solvent composition (ultrapure water, acidogenic and methanogenic leachates), and 

contact time (“aging”) on desorption rates were evaluated. Hydrophobic organic 

contaminant (HOC) desorption from PVC and HDPE could be described with a single-

parameter polymer diffusion model. In contrast, a three-parameter, biphasic polymer 

diffusion model was required to describe HOC desorption rates from biopolymer 

composites. In general, HOC desorption rates from plastics were rapid for HDPE (D = 

10
-10

 cm
2
/s), a rubbery polymer, but slower for PVC (D = 10

-13
-10

-14
 cm

2
/s), a glassy 
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polymer. For biopolymer composites, a large fraction of sorbed HOCs was rapidly 

released (Dr = 10
-9

-10
-10

 cm
2
/s) while the remaining fraction desorbed slowly (Ds = 10

-11
-

10
-16

 cm
2
/s). The toluene desorption rate from PVC was one order of magnitude faster in 

acidogenic leachate than in either ultrapure water or methanogenic leachate, a result that 

was primarily attributed to the plasticizing effect of volatile fatty acids in acidogenic 

leachate. For biopolymer composites, small increases in the slowly desorbing HOC 

fraction were observed with increasing aging time. 

 

2.1 Introduction 

In the United States, approximately 254 million tons of MSW were generated in 2007, 

and 54 % of this waste was buried in landfills (1). The presence of organic contaminants 

in landfill gas (2) and leachate (3) is well documented. Sorption and desorption are 

important processes governing the fate and transport of hydrophobic organic 

contaminants (HOCs) in landfills. The association of HOCs with sorbent organic matter 

(SOM) retards their transport (4, 5) and reduces their availability for biological and 

chemical transformation (6). Prolonged exposure of organic contaminants to SOM (i.e. 

aging), as would be expected in landfills, may decrease HOC bioavailability because an 

increasingly large HOC fraction is sorbed to glassy organic matter (7, 8), adsorbed on 

hydrophobic micropore surfaces (9), and/or encapsulated in humic and humin fractions of 

SOM (10). Although some studies suggest that sorbed substrate can be degraded by 
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bacteria through direct partitioning to the cell membrane or via degradation by 

extracellular enzymes (11, 12), it is generally perceived that sorbed chemicals are 

unavailable to microorganisms prior to desorption (13, 14). Therefore, desorption rates 

play an important role in the biodegradation and transport of HOCs in landfills. A better 

understanding of factors controlling sorption/desorption in landfills will therefore 

improve estimates of contaminant release and long term persistence in landfills.  

 

Most HOC desorption studies focused on soils and sediments where HOC desorption 

rates are influenced by such factors as SOM characteristics (8, 15, 16), sorbate molecular 

properties (17), and aging (16, 18). Landfills have a higher organic carbon content than 

soils and sediments, and a large fraction of landfill SOM is young and readily 

biodegradable. Moreover, landfill leachates have a high dissolved organic carbon 

concentration. Thus, this research was conducted to determine desorption rates of model 

HOCs (toluene, o-xylene, PCE) from a range of  organic MSW components [high density 

polyethylene (HDPE), poly(vinyl chloride) (PVC), newsprint (NP), office paper (OP), 

and rabbit food (RF) as a model food and yard waste] and to examine the effects of (1) 

sorbent characteristics, including the effects of biological sorbent decomposition; (2) 

sorbate properties; (3) aging; and (4) leachate composition on HOC desorption rates.  
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2.2 Materials and Methods  

 

2.2.1 MSW Components 

MSW discarded in landfills is estimated to consist primarily of paper (22.3%), yard waste 

(6.9%), food waste (18.2%), plastics (16.9%), metal (8.0%), rubber/leather/textiles 

(9.7%), glass (6.1%), and wood (7.6%) (1). HOC desorption rates were measured for 

representative MSW components expected to contribute to HOC sorption (HDPE, PVC, 

NP, OP and RF). Office paper (NC State University recycling center) and newsprint 

(News & Observer Publishing Co., Garner, NC) were chosen to represent the range of 

paper types disposed of in landfills. Office paper is a chemical pulp with most of the 

original lignin removed, while newsprint is a mechanical pulp containing most of the 

lignin present in wood. Rabbit food (Manna Pro® Corp., St. Louis, MO) was chosen to 

represent food and yard waste. HDPE and PVC (799-3 and 18,958-8, Sigma-Aldrich, 

Milwaukee, WI) were tested to represent rubbery and glassy polymers, respectively. 

Sample preparation and characterization of fresh and degraded MSW components were 

previously described (19).  Sorbent properties, including those used as inputs to 

desorption models, are summarized in Tables S1 and S2 of the Supporting Information 

(SI). 
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2.2.2 Sorbates  

Toluene, o-xylene, and PCE were selected as model HOCs because they are frequently 

detected in landfill leachates (3), sorb to refuse (19), and biodegrade (toluene, 6; PCE, 

20) or have the potential to biodegrade (o-xylene; 21) in a refuse ecosystem. Experiments 

were conducted with 
14

C-labeled compounds (Sigma-Aldrich). Stock solutions were 

prepared by dissolving neat 
14

C-labeled compounds in 6 mL methanol (HPLC-grade, 

Fisher Scientific, Pittsburgh, PA) and stored at -10C. PCE required purification by 

HPLC prior to use. Sorbate purity was assessed by gas chromatographic analysis which 

showed peaks corresponding to toluene, o-xylene, and PCE only. Sparging tests were 

then used to determine the percentage of non-volatile 
14

C impurities associated with each 

HOC. Non-volatile 
14

C impurities were found to be 1.7% for toluene, 1% for o-xylene 

and 0.2% for PCE. Non-volatile 
14

C impurities were non-sorbable, which was shown 

through the addition of HDPE to solutions containing non-spargeable 
14

C, and all data 

were corrected for the impurity content. 

 

Representative sorbate properties are summarized in Table 1. Because molecular size 

influences desorption kinetics and sorbent-sorbate molecular interactions, different 

metrics of molecular size were calculated.  
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2.2.3 Leachates 

Acidogenic and methanogenic leachates were produced and prepared as described (19). 

The acidogenic leachate had a low pH (5.2) and high organic content while the 

methanogenic leachate had a neutral pH (7.1) and lower organic content (Table S3). 

 

2.2.4 Desorption Experiments  

To assure sterility during aging, sorbent-containing ampoules were sterilized with 2.2 

Mrad of γ-irradiation from a 
60

Co source. Upon -irradiation, autoclaved, phosphate-

buffered ultrapure water (1 mM, pH 7.0) or filter-sterilized acidogenic or methanogenic 

leachate was added to each ampoule. All aqueous phases were amended with sodium 

azide (200 mg/L). 
14

C-labeled toluene, o-xylene, or PCE was spiked to achieve initial 

sorbate concentrations of 40 to 700 µg/L, and ampoules were flame-sealed. Ampoules 

containing methanogenic leachate were filled in an anaerobic hood to minimize exposure 

to oxygen. Aging (or sorbent-sorbate contact) times of 1 week, and 1, 6, and 9 months 

were tested for toluene with phosphate-buffered ultrapure water. All other tests were 

conducted after aging times of 1 week and 6 months. During aging, ampoules were 

tumbled end-over-end to assure effective mixing. Once the desired aging time was 

reached, ampoules were centrifuged at 2000 rpm for 15 min. Following centrifugation, 

desorption experiments were initiated by first removing 2.0 mL of liquid to quantify the 

aqueous HOC concentration. A stir bar was then added to the sorbent-containing ampoule 
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which was sealed with a swagelok cap and placed on a magnetic stir plate. To maintain 

the maximum possible concentration gradient, the liquid phase was then continuously 

sparged with water-saturated N2 (15 mL/min), and the exiting gas was passed through 

liquid scintillation cocktail (LSC) using the apparatus shown in Figure S1. Ampoules 

containing LSC were replaced with fresh ampoules at predetermined sampling times (i.e. 

8x on day one, 3x on day two, and daily thereafter), and the 
14

C concentration in the LSC 

was measured to quantify HOC release. All tests were conducted in triplicate.  

 

The initially spiked HOC mass (Mo) was calculated from the liquid-phase HOC 

concentration measured in sorbent-free ampoules. The normalized HOC mass fraction 

remaining on the solid during testing was calculated from: 

so
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  is the initial solid-phase HOC concentration, ms is the sorbent 

mass in the ampoule, M(t) is the cumulative HOC mass recovered during sparging, Ceq is 

the liquid phase HOC concentration at the end of the aging period, V is the initial liquid 

volume, and  Vl is the remaining liquid volume after initial supernatant sampling. Both 

Mo and Ceq were corrected for non-sorbing, non-spargeable impurities. Calculations also 

accounted for (1) HOC in the headspace of the ampoule, which was calculated using 

Henry’s Law, and (2) HOC losses that occurred when ampoules were open for 10-30 s 
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after completion of the aging period (average toluene and o-xylene losses were 4.5 % of 

Ceq; average PCE losses were 2.3% of Ceq).  

 

2.2.5 Mass Balances 

At the completion of desorption tests, solids were extracted with organic solvent (benzyl 

alcohol for toluene and o-xylene; methylene chloride for PCE) and base (0.1 N NaOH) 

and subsequently combusted to determine the remaining solid-phase 
14

C concentration. 

Details on the extraction and combustion steps are provided in the SI. 

 

2.2.6 Model Selection 

Desorption rates of sorbed organic contaminants were described with polymer diffusion 

models. HOCs were assumed to diffuse through the polymeric organic sorbent matrix, 

and the intraparticle porosity was considered to be negligible (BET surface areas of the 

studied MSW components ranged from 0.5 to 6.0 m
2
/g; (19)). A single-parameter 

polymer diffusion model containing the polymer diffusion coefficient (D) was used to 

describe HOC desorption rates from PVC and HDPE. A three-parameter biphasic 

polymer diffusion model was used to describe HOC desorption rates from biopolymer 

composites (OP, NP, and RF). The three adjustable parameters in the biphasic polymer 

diffusion model are Dr (diffusion coefficient in the compartment from which HOCs 

desorb rapidly), Ds (diffusion coefficient in the compartment from which HOCs desorb 
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slowly), and Φr (rapidly desorbing sorbate mass fraction). Diffusion coefficients were 

calculated by Newton-Raphson (single-parameter) and modified Levenberg-Marquardt 

(three-parameter) nonlinear optimization techniques to minimize differences between 

model output and experimental data (22). A description of the polymer diffusion models 

is presented in the SI. 

 

2.3 Results and Discussion 

 

2.3.1 Effects of Sorbent Types  

HOC desorption rates varied greatly among MSW components (Figure 1). Uniform 

desorption rates were obtained for synthetic polymers (HDPE and PVC), which was 

expected due to their homogeneity. The heterogeneous biopolymer composites exhibited 

characteristic two-phase desorption rates; i.e., a fast initial desorption step followed by a 

slow desorption period.  For all sorbent-sorbate pairings, a comparison of D or Dr values 

indicates that initial HOC desorption rates were slowest for PVC and fastest for fresh NP 

and degraded RF (Tables 2 and 3).  

 

Among the synthetic polymers, HOC desorption rates from plastics were relatively rapid 

for HDPE (D = 10
-10

 cm
2
/s), a rubbery polymer, and slow for PVC (D = 10

-13
 - 10

-14
 

cm
2
/s), a glassy polymer (Table 2). The calculated diffusivity of HOCs in PVC is 
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reasonably consistent with literature values (10
-14

 cm
2
/s, 23). For HDPE, the diffusivity 

of HOCs is an order of magnitude lower than many values reported in the geomembrane 

literature, possibly because of differences in HDPE crystallinity, experimental conditions, 

and/or uncertainties in diffusional length scale estimates (24, 25). Because the 

crystallinity of the HDPE used in this study was higher (74%) than that of a previously 

tested HDPE geomembrane (47%, 25), diffusivities calculated here are possibly smaller 

due to increased tortuosity (26). Moreover, uncertainties in diffusional length scale (i.e. 

particle radius) could affect the calculated diffusion coefficients. When the diffusion 

coefficients are normalized by diffusional length scale (D/a
2
), the values determined for 

HDPE in this study have the same order of magnitude (10
-2

/d, Table 2) as those reported 

in the literature (24, 25).  

 

The difference in HOC desorption rates observed between the two plastics is consistent 

with their rubbery and glassy states.  The polymeric matrix of glassy polymers such as 

PVC is more rigid than that of rubbery polymers such as HDPE. Because the relaxation 

speeds of glassy polymers are slow, diffusion of solute molecules into and out of the 

condensed and highly cross-linked organic matter is slow (7, 27). Moreover, nanovoids 

within glassy polymer matrices provide strong adsorption sites, and desorption of HOCs 

from these sites is generally activated (7).  
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For biopolymer composites, 45 to 94 % of sorbed HOCs were rapidly released (Dr = 10
-9

-

10
-10 

cm
2
/s) while the remaining fraction desorbed slowly (Ds = 10

-11
-10

-16 
cm

2
/s; Table 

3). At the 99 % confidence level, Dr and Ds values were significantly different across all 

sorbents for each HOC tested, which supports the use of a three-parameter polymer 

diffusion model. The Dr values describing HOC desorption rates from biopolymer 

composites were generally larger than the corresponding diffusion coefficients 

determined for HDPE.  Similarly, most Ds values were larger than the corresponding 

diffusion coefficients determined for PVC. In general, the range of Dr values determined 

here is in close agreement with HOC diffusion coefficients for soils and sediments 

obtained with a one-compartment intraparticle diffusion model (10
-8

 to 10
-10

 cm
2
/s, 28; 

10
-9

 to 10
-10

 cm
2
/s, 29). Johnson et al. (16) reported normalized Dr/a

2
 values in the range 

of 3.1x10
-4

 to 3.2x10
-2

 d
-1

 and Ds/a
2 

values in the range of 1.1x10
-5

 to 1.0x10
-3

 d
-1

. Dr/a
2
 

values obtained here for biopolymer composites were 2 to 4 orders of magnitude larger 

while Ds/a
2
 were in the same range; exceptions were Ds/a

2
 values  for toluene desorption 

from fresh and degraded office paper, which were an order of magnitude larger (Table 

S4). Diffusion coefficients describing PCB desorption from the rubbery and glassy 

phases of sediments were several orders of magnitude slower than those obtained in this 

study (2.6x10
-18

 and 7.3x10
-21

 cm
2
/s, respectively; 15). These differences may be partly 

due to sorbate properties since phenanthrene and PCBs are larger and more hydrophobic 

than the HOCs tested here. More recently, D/a
2
 values ranging from 0.097 to 16.7 d

-1
 for 
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PCE and TCE desorption from soils were reported (30). These one-compartment 

parameters are similar in magnitude to Dr/a
2
 values of this study (Table S4).  

 

The slowly desorbing fraction (Φs) varied from 0.06 for fresh NP to 0.55 for degraded OP 

(Table 3). Furthermore, the mass fraction of HOCs remaining on the sorbents after a 200-

hr desorption period was between 2% (fresh NP) and 41% (fresh OP). These results 

illustrate that a large fraction of sorbed HOC is rapidly released from biopolymer 

composites. The diffusivities for the slowly desorbing fractions were up to 5 orders of 

magnitude smaller than those for the rapidly desorbing fractions, suggesting that mass 

transfer processes may control the long-term fate and transport of HOCs sorbed in the 

slowly desorbing compartment of MSW components.  

 

The Φs values for fresh and degraded OP are significantly higher than for other 

biopolymers for all three HOCs (Table 3).  One possible explanation for the large Φs 

values is that conformational changes within the organic matrix of OP materials occurred 

during or after the uptake of solute such that diffusional pathways were blocked to some 

extent, e.g., ethyl cellulose chains formed an ordered or immobilized configuration with 

penetrants such as benzene (31). For HOC desorption from soils, it has been suggested 

that rearrangement of SOM obstructs or destructs diffusional pathways (32). Another 

possible explanation for the large Φs values is that a fraction of sorbed HOC was strongly 

associated with sizing agents. Sizing agents such as alkyl ketene dimers are hydrophobic 
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compounds that lower the surface energy of paper (to prevent running ink), resulting in 

higher sorption affinity for HOCs. The PCE sorption capacity of filter paper (i.e. pure 

cellulose) was approximately 11 times lower than that of OP, suggesting that a 

component in OP other than cellulose was responsible for its sorption capacity. 

Furthermore, sorbed PCE quickly desorbed completely from filter paper whereas 

approximately 20% of sorbed PCE remained on OP after the rapidly desorbing PCE 

fraction was removed.  

 

Comparing fresh and degraded MSW constituents, differences in Φs were only 

statistically significant between fresh and degraded OP with toluene and PCE as sorbates 

(Table 3). During the anaerobic degradation of lignocellulosic materials in landfills, polar 

constituents such as cellulose and hemicellulose are preferentially degraded over less 

polar components such as lignin and lipids. As a result, the remaining SOM becomes 

more hydrophobic and exhibits a higher HOC sorption capacity compared to fresh forms 

(19), but this change appeared to have a negligible effect on Φs.  

 

2.3.2 Effects of Sorbate Properties 

Across all tested sorbents, toluene desorption rates, as measured by D, Dr and Ds, were 

significantly faster than those for o-xylene and PCE (Tables 2 and 3). Figure 2 depicts 

example data sets for HDPE and PVC. Table 2 shows that the diffusivities of toluene in 
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HDPE are approximately 1.5 times as fast as o-xylene and twice as fast as PCE. Toluene 

diffusivities in PVC were 10 times larger than o-xylene diffusivities and 30 times larger 

than PCE diffusivities. The results in Figure 2 and Table 2 suggest that HOC desorption 

rates from a given sorbent are affected by sorbate properties and specific sorbent-sorbate 

molecular interactions. 

 

For a given polymer, it is well established that D decreases with sorbate molecular size, 

characterized in terms of molecular weight, molar volume or molecular diameter (27, 33, 

34). Given that diffusion in polymers is strongly dependent on accessible free volume 

between polymer chains, diffusivities of organic compounds in glassy polymers are more 

sensitive to molecular size and shape than in rubbery polymers. The additional methyl 

group in o-xylene makes it larger and more complex (e.g. branched) than toluene (34, 

35), resulting in slower desorption rates, especially from PVC. The large difference in 

toluene and PCE diffusivities in PVC cannot be solely attributed to molecular size, 

however, because toluene is of the same size as PCE (Table 1). Furthermore, o-xylene is 

slightly larger than PCE but o-xylene and PCE diffusivities in PVC were statistically 

similar (p = 0.5). PVC is capable of dipole interactions because of the electronegative Cl 

atom attached to its polymer backbone. Given that PCE is polarizable (see polar term of 

Hansen solubility parameter in Table S5), dipole interactions between PCE and PVC 

possibly contributed to slower PCE diffusion in PVC (36). In contrast to PVC, the 

diffusivities of the model HOCs were within a factor of ~2 for HDPE, a nonpolar rubbery 
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polymer. This can be explained by the absence of specific sorbate-sorbent interactions, 

the flexible nature of the rubbery HDPE polymer, and relatively similar HOC molecular 

sizes. Similar diffusion coefficients for toluene, o-xylene and PCE penetration into HDPE 

geomembranes have been reported previously (D values were 3.8x10
-9

 cm
2
/s, 2.7x10

-9
 

cm
2
/s and 2.5x10

-9
 cm

2
/s, respectively, 24).    

 

In biopolymer composites, differences in Dr among the three HOCs were significant in 

degraded RF but statistically similar in NP and OP (Table 3). The Ds of PCE (5.3x10
-16

 

cm
2
/s) in fresh OP and degraded RF was 4 to 5 orders of magnitude slower than that of 

both alkylbenzenes, suggesting possibly stronger interactions between PCE and SOM 

components in fresh OP and degraded RF. Also, Ds values for PCE and o-xylene were 

generally smaller than those of toluene.  

 

2.3.3 Effects of Aging 

A comparison of HOC diffusivities in HDPE after different sorbate-sorbent contact times 

shows no aging effects, an expected result given the homogeneous rubbery polymeric 

structure of HDPE (Table S6). D values for PVC are difficult to compare because of the 

uncertainty in D values at short contact times, at which equilibrium had not yet been 

attained.  
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Effects of aging time on HOC desorption rates from biopolymers were assessed by 

analyzing changes in Φs (and Φr). The adjustable parameters for the three-parameter, two-

compartment diffusion model were determined from the data obtained after an aging time 

of 6 months. Data sets representing other aging times for the same sorbent-sorbate-

solvent system were subsequently analyzed to determine Φs while keeping Dr and Ds 

values fixed at 6-month levels; i.e., it was assumed that the HOC diffusivities in the 

slowly and rapidly desorbing compartments did not vary with time. 

 

Small increases in the slowly desorbing HOC fraction (Φs) were observed with increasing 

aging time for biopolymer composites (Table S7). The aging effects suggest that 

alkylbenzenes and PCE had not fully penetrated the slowly desorbing compartment of 

sorbents during the shorter aging times or that HOCs became increasingly associated with 

humic matter. To evaluate whether association with humic substances was responsible for 

slow PCE desorption rates or possibly irreversible PCE sorption, biopolymer composites 

were sequentially extracted with methylene chloride and NaOH at the completion of 

desorption tests, and base-extracted solids were combusted. Even after 180 d of aging, 

essentially all PCE that remained on the sorbent after the desorption step was recovered 

during the methylene chloride extraction step while negligible amounts were recovered in 

the subsequent base extraction and combustion steps (Table S8). Hence, the increase of 

s with increasing aging time was most likely due to continued diffusion into glassy 

SOM (fraction recovered during solvent extraction, 37), while association with humic 
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matter appeared to be negligible (fractions recovered during base extraction and 

combustion). 

 

Relative to toluene, aging effects, as expressed by changes in s, appeared to be more 

pronounced for o-xylene and PCE (Table S7). This result suggests that o-xylene and PCE 

diffuse more slowly into glassy SOM than toluene. While uptake rates were not measured 

in sufficient detail to obtain diffusivities, the Ds values in Table 3 show that o-xylene and 

PCE diffusivities in the slowly desorbing compartments were generally smaller than 

those for toluene.   

 

2.3.4 Effects of Leachate Composition 

The effects of acidogenic and methanogenic leachate on HOC desorption rates from 

MSW components were also investigated. Except for fresh OP and PVC, leachate 

composition had no measurable effect on toluene desorption rates from most MSW 

components (Table S9). Figure 3 provides examples of leachate composition effects (or 

the lack thereof) on the desorption rates of toluene from PVC and fresh OP. 

 

For toluene desorption from fresh OP, Ds was an order magnitude larger in acidogenic 

leachate than in either ultrapure water or methanogenic leachate (Table S9). One 

difference between the two leachate phases was pH (pH 5.2 for acidogenic leachate and 
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7.1 for the methanogenic leachate). Desorption tests conducted with toluene and fresh OP 

using phosphate-buffered ultrapure water (1mM) at pH 5 and pH 7 produced nearly 

identical desorption data as desorption tests in acidogenic leachate and methanogenic 

leachate, respectively (22).  Hence, the differences in HOC desorption rates from OP in 

the two leachates were primarily due to pH. Because sorption to pure cellulose is 

negligible, cellulose and hemicellulose hydrolysis at acidic conditions does not explain 

the enhanced desorption rates at lower pH. However, prolonged exposure to low pH 

could have broken the ester bonds between cellulose and sizing agents (38), which may 

have led to enhanced toluene desorption rates. Neither pH nor volatile fatty acids in 

acidogenic leachate affected HOC diffusivities in other biopolymer composites, in which 

HOC uptake was governed by lignin (39). 

 

In acidogenic leachate, the diffusivity of toluene in PVC was ~4 times larger than those 

in either ultrapure water or methanogenic leachate (Table S10). One possible explanation 

for this phenomenon is that constituents in acidogenic leachate, such as propionic and/or 

butyric acids, could have plasticized PVC and converted it from a glassy to a rubbery 

state. Among the volatile fatty acids (VFAs) commonly found in acidogenic leachate, 

propionic and butyric acid exhibit solubility parameters that most closely match that of 

PVC. This hypothesis is consistent with previously published toluene sorption isotherm 

data that were linear in acidogenic leachate but non-linear in ultrapure water and 

methanogenic leachate (19).   
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2.3.5 Mass Balances 

Overall 
14

C recoveries ranged 91.8–103.8% for alkylbenzenes (Table S11) and 90.1 to 

100.6 % for PCE (Table S8). For plastics, complete 
14

C recovery with solvent extractions 

was expected since these sorbents do not contain humic matter. Recoveries obtained with 

plastics (95.2–103.8%) show that 
14

C losses from the reactors and/or to reactor 

components were negligible and that the experimental procedure was sound.  

 

2.3.6 HOC Desorption Rate Predictions for Mixed MSW 

Desorption rates of HOCs from mixed MSW were predicted using partition coefficients 

(Kp) or Freundlich isotherm parameters (KF and n) and desorption kinetic parameters (D, 

Dr, Ds, Φr) determined for individual MSW components (Tables S1, S2, 2 and 3). 

Predictions were made for representative MSW compositions in older and newer landfills 

(1960 versus 2005). Between 1960 and 2005, the plastics component of MSW discards 

increased from 0.5% to 16.4% while food and yard wastes decreased from 45.0% to 

24.4% (1). The predicted half-lives of toluene, o-xylene and PCE for the 1960 landfill 

scenario are much shorter (i.e. <0.1 d to 2.6 d) than those for the 2005 landfill scenario 

(0.4 to 4.4 yrs), primarily due to the difference in plastics content (Tables S12 and S13). 

If the assumed thickness of the glassy plastics (0.4 mm) is doubled, the predicted half-

lives of HOCs in the modern landfill scenario increase by a factor of almost 4 because  

the slow desorption rate of HOCs from glassy plastics governs overall HOC release 
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(Table S13). HOC biodegradation rates could be limited by desorption kinetics if the time 

scale for desorption kinetics is comparable or longer than that of biodegradation. For 

example, the estimated half-life of toluene biodegradation under methanogenic conditions 

is about 2 yrs in decomposing refuse (40). Slow desorption from glassy plastics could 

therefore affect toluene biodegradation rates in landfills containing MSW with glassy 

plastics. 
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Table 1. Physical and chemical sorbate properties. 

  Toluene o-Xylene     PCE 

Molecular Structure 

  

Cl

Cl Cl

Cl

 

Molecular Formula C7H8 C8H10 C2Cl4 

Molecular Weight, g/mol 92.2 106.2 165.8 

Molecular Size
a
, Å 5.6 - 7.1 5.8 - 7.5 5.5 - 7.1 

Molar Volume
b
, cm

3
/mol 85.9- 111.3 100.0 – 131.8 83.8 -111.0 

Surface Area (MOPAC )  Å
2
 134.0 151.1 115.7 

Surface Volume (MOPAC ),  Å
3
 112.1 132.1 89.6 

Aqueous solubility
c
 , mg/L, 25°C 515 175 150 

KH
d 

at 25°C, atm m
3
/mol 6.64E-03 5.18E-03 1.77E-02 

Log Kow 
e
 2.73 3.12 3.4 

Hansen Solubility Parameters (MPa
0.5

)
f
    

Dispersion term (δd) 18 17.8 18.3 

 Polar term (δp) 1.4 1 5.7 

Hydrogen-bonding term (δh) 2 3.1 0 

Total (δ) 18.2 18.1 19.2 

aCalculated from molar volume, solvent-accessible surface area and surface volume (MOPAC with 

CaChe Work Systems Pro Version 6.1.8, Fujitsu Limited) by assuming spherical molecules; bBased on 
molar mass and liquid density at 20ºC (ChemSketch v.12.0) and atomic and bond contribution, refs (41, 

42); Reported values from cref (35); dEPI Suite v4.0 eref (43); fref(44). 
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Table 2. Effect of sorbent type on desorption rate parameter estimates obtained 

from one-compartment polymer diffusion model. Aging time was 6 months in 

ultrapure water.  

Sorbent 
Toluene o-Xylene PCE 

D (cm
2
/s) D/a

2 
   (d

-1
) D (cm

2
/s) D/a

2 
(d

-1
) D (cm

2
/s) D/a

2   
(d

-1
) 

HDPE 3.13E-10x 4.32E-02 2.20E-10y 3.04E-02 1.42E-10z 1.97E-02 

 (± 1.3E-11) (± 1.8E-03) (± 2.7E-11) (± 3.7E-03) (± 1.4E-11) (± 2.0E-03) 

PVC 4.33E-13x 7.64E-04 4.22E-14y 7.44E-05 1.50E-14y 2.65E-05 

 (± 2.6E-14) (± 4.5E-05) (± 2.2E-14) (± 3.8E-05) (± 2.5E-15) (± 4.4E-06) 

aValues in parentheses represent one standard deviation. bThe different superscripts in a given row indicate 

significant difference (p = 0.05) based on comparisons of the same sorbent.    
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Table 3. Effect of sorbent type on desorption rate parameter estimates obtained from two-compartment polymer diffusion model. Aging 

time was 6 months in ultrapure water. 

Sorbent 

Toluene o-Xylene PCE 

Φr Φs Dr  (cm²/s) Ds (cm²/s) Φr Φs Dr  (cm²/s) Ds (cm²/s) Φr Φs Dr  (cm²/s) Ds (cm²/s) 

Fresh NP 
0.94 0.06v 4.27E-09v,z 2.40E-11v,z 0.69 0.31v 4.84E-09v 1.98E-12v,z 0.75 0.25v 4.59E-09v,z 7.79E-13v 

(±0.02)a (±0.02) (± 1.97-09) (± 6.55E-12) (±0.05) (±0.05) (± 1.70E-10) (± 2.05E-13) (±0.04) (±0.04) (± 2.14 E-09) (± 7.15 E-13) 

Degraded 
NP 

0.83 0.17w 2.99E-09v 6.91E-12v 0.69 0.31v 1.68E-09w 7.95E-14v 0.79 0.21v 2.97E-09v 5.35E-12v 

(±0.01) (±0.01) (± 1.96E-9) (± 1.94E-12) (±0.01) (±0.01) (± 4.16E-10) (± 5.73E-14) (±0.04) (±0.04) (± 2.02 E-09) (± 8.85 E-12) 

Fresh OP 
0.73 0.27x 2.54E-09v 2.36E-11w,z 0.50 0.50w 1.22E-09w 3.00E-12w,z 0.61 0.39w 1.38E-10v 5.27E-16v 

(±0.01) (±0.01) (± 1.03E-09) (± 5.12E-12) (±0.03) (±0.03) (± 7.59E-10) (± 4.73E-13) (±0.02) (±0.02) (± 3.58E-11) (±0.00) 

Degraded 

OP 

0.55 0.45y 2.31E-09v 2.34E-11w,z 0.47 0.53w 5.69E-10x 2.19E-12w,z 0.45 0.55x 1.32E-09w 1.19E-11w 

(±0.01) (±0.01) (± 5.39E-10) (± 7.69E-13) (±0.06) (±0.06) (± 2.13E-10) (± 8.14E-13) (±0.03) (±0.03) (± 4.50E-10) (± 2.19E-12) 

Degraded 
RF 

0.81 0.19w 8.39E-09w,z 3.57E-13x 0.71 0.29v 5.26E-09v 2.47E-13x 0.90 0.10y 2.45E-09x,z 5.27E-16x 

(±0.02) (±0.02) (± 4.53E-10) (± 1.81E-14) (±0.03) (±0.03) (± 3.80E-10) (± 1.95E-13) (±0.03) (±0.03) (± 2.4E-10) (±0.00) 
aValues in parentheses represent one standard deviation.  bDifferent superscripts in a column indicate significant difference (p = 0.05) based on comparisons of the same sorbate.    
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Figure21. o-Xylene desorption data and polymer diffusion model fits. Error bars 

represent one standard deviation of replicate samples. Aging time was 6 months 

in ultrapure water. 
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Figure32. Toluene, o-xylene, and PCE desorption rates from HDPE and PVC. 

Lines represent model fits. Error bars represent one standard deviation of 

replicate samples. Aging time was 6 months in ultrapure water. 
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Figure43. Leachate composition effects on toluene desorption from PVC and fresh 

OP (FOP). Lines represent model fits. Error bars represent one standard 

deviation of replicate samples. Aging time was 6 months. 
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Chapter 3 

IMPACT OF PLASTICS ON FATE AND TRANSPORT OF ORGANIC 

CONTAMINANTS IN LANDFILLS  

 

Abstract 

Sorption affinity and (de)sorption rates of toluene were examined for individual solid 

waste constituents [drinking water container, prescription drug bottle, soda bottle, 

disposable cold cup, computer casing, furniture foam, carpet, vinyl flooring and formica 

sheet] and model polymers [high density polyethylene (HDPE), poly(vinyl chloride) 

(PVC)]. The studied plastic materials and model polymers were characterized by X-ray 

diffractometry, differential scanning calorimetry, and C, H, and N analyses to evaluate 

the effects of amorphous fraction (famorphous) and organic carbon fraction (foc) on toluene 

sorption and to determine the rubbery or “soft” and glassy or “hard” behavior of post-

consumer plastics. Generally, partition coefficients (Kp) describing toluene sorption to 

plastic materials are 1 to 2 orders of magnitude higher than for biopolymer composites 

such as office paper and newsprint. Toluene sorption to plastics was affected by the 

famorphous of the plastic materials but not the foc. The uptake rate of toluene in rubbery 

plastic materials (model HDPE, drinking water container, and prescription drug bottle) 

was similar (D = 10
-10

 cm
2
/s). Among glassy plastics (model PVC, soda bottle, computer 

casing and disposable cold cup), the diffusivity of toluene was similar (D = 10
-12

 cm
2
/s) 
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but two orders of magnitude smaller than for the rubbery plastics. Plastic materials 

discarded in landfills are potential sinks of HOCs because of their higher affinity for 

HOCs compared to other solid waste components and the slow desorption of HOCs from 

glassy plastics.   

 

3.1 Introduction 

Plastic products and packaging materials are ubiquitous in our everyday lives. Because of 

the advantages of plastics, including light weight, diverse material properties and 

inexpensive production, their use in consumer goods is likely continue to grow. In the 

U.S., where approximately 54% of municipal solid wastes (MSW) is disposed of in 

landfills, the plastics content of discarded MSW increased from ~ 0.5 % to ~ 17% from 

1960 to 2007 (1). Due to differences in solid waste classification, it is difficult to 

compare the plastic content of MSW generated in various countries. Nonetheless, MSW 

generated in Japan, Korea, Canada, and Mexico consists of 3 to 13 % plastics (2). 

Furthermore, the increasing proportion of plastics in MSW has been associated with 

economic progress in developing Asian regions (3). 

 

Along with biopolymer composites (e.g. office paper, newsprint, food and yard wastes), 

synthetic polymers or plastics constitute the sorbent organic matter (SOM) in landfills. 

The association of hydrophobic organic contaminants (HOCs) with SOM retards 
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contaminant transport and reduces their availability for chemical and biological 

degradation (4, 5). Sorption affinity for alkylbenzenes was observed to be at least an 

order of magnitude higher in model rubbery [high density polyethylene (HDPE)] and 

glassy [polyvinyl chloride (PVC)] plastics than in biopolymers of MSW (6). Similarly, 

sorption uptake of phenanthrene was at least a factor of ten higher in model plastics 

[HDPE, polypropylene (PP), PVC] than in marine sediments (7).  Because of the high 

affinity of HOCs for plastics, plastic debris plays a role in the transport of HOCs in the 

marine environment. Similarly, the increasing fraction of plastics discarded in landfills 

affects the fate and transport of HOCs in landfills.  

 

The major types of plastics discarded in landfills by resin are presented in Figure 1A. In 

terms of product-based categories, the distribution of discarded plastics is 35% durable 

goods, 23% non-durables (e.g. plates, trash bags) and 42% containers and packaging 

materials (1). The distribution of these product-based categories in each plastic resin is 

important as it provides insights on the relative thickness or diffusional length scale 

(Figure 1B). For example, the thickness of HDPE in a film and a milk container is 0.02 

mm and 1.85 mm, respectively.  

 

The physical and chemical sorbent properties of a plastic material are dependent on the 

resin type. The addition of plasticizers, additives and fillers in plastic products, however, 

can modify the sorbent properties of the material (8). In previous (de)sorption studies of 
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HOCs, pure HDPE was used as a model for rubbery or “soft” plastics while pure PVC 

was used as a model for glassy or “hard” plastics (6, 9, 10). The suitability of HDPE and 

PVC to represent rubbery and glassy plastic materials discarded in landfills, respectively, 

needs to be validated. Little information is available on the sorption of HOCs to actual 

plastics. Moreover, many previous studies on (de)sorption of HOCs in plastics were 

conducted with neat compounds or at very high aqueous concentrations (11-14). 

However, the aqueous concentrations of HOCs detected in landfills are generally at trace 

levels (15) and are not likely to swell plastics or plasticize glassy materials (16). 

Therefore, this research was conducted to 1) determine the rubbery and glassy behavior 

of representative post-consumer plastics in MSW and 2) determine and compare sorption 

equilibrium and kinetic parameters of representative MSW plastics and model polymers 

at dilute HOC aqueous concentrations.  

 

3.2 Materials and Methods 

 

3.2.1 Plastic Materials 

 A drinking water container (HDPE), prescription drug bottle [polypropylene (PP)], soda 

bottle [polyethylene terephthalate (PET)], disposable cold cup [polystyrene (PS)] and 

PVC pipe were chosen to represent the major plastic resins found in discarded MSW (1). 
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In addition, plastic computer casing [acrylonitrile butadiene styrene (ABS)], furniture 

foam [polyurethane (PU)], nylon carpet [polyamide (PA)], vinyl flooring and a formica 

sheet [melanine formalydehyde (MF)] were selected to represent the plastic components 

of building and demolition debris. The computer casings were obtained from the North 

Carolina State University surplus warehouse while the other building debris components 

were obtained from a hardware store. Pure forms of HDPE, medium density polyethylene 

(MDPE), low density polyethylene (LDPE) and PVC (Catalog Nos. 42,799-3; 33,211-9; 

428043, 18,958-8, Sigma-Aldrich) were tested for their ability to serve as model 

polymers representing plastic products in solid wastes.  

 

All plastic materials were ground separately in a Wiley mill to pass a 0.25-mm screen 

except for the drinking water container and prescription drug bottle for which a 0.841-

mm screen was used. Container caps and labels were removed prior to grinding. Vinyl 

flooring and formica sheet ground samples were oven-dried at 100-105°C and stored in 

vacuum desiccators until use. The other ground plastic materials were dried and stored at 

room temperature in vacuum desiccators to maintain prior thermal history (17, 18). 

HDPE and PVC polymers were procured in pellet or powder form and used without 

further processing.     
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3.2.2 Plastic Characterization  

The drinking water container, prescription drug bottle, soda bottle, and disposable cold 

cup were characterized by X-ray diffractometry (XRD). XRD was performed on a Philips 

X’Pert PRO MRD HR diffractometer over an angular range of 5-85° (2θ) in intervals of 

0.01° (2θ) and with a step duration of 1 s. Ground plastics were dispersed and attached to 

the sample holder by means of double-sided tape. For some pure polymers (PP, PET), 

published XRD data were used (19). 

  

C, H, and N analyses were performed with a CHN analyzer (Perkin-Elmer PE 2400 CHN 

Elemental Analyzer, Perkin-Elmer Corp., Norwalk, CT), and oxygen and chlorine 

contents were calculated based on the chemical composition of the monomers. To 

eliminate interference from inorganic carbon, elemental analyses for carpet and vinyl 

flooring were performed on materials that had been acid washed following the method 

described in (20) as these materials commonly contain calcium carbonate filler. Ash 

content was measured by combusting 2 g of dry sample at 550°C for 2 h.  

 

The glass transition (Tg) and melting (Tm) temperatures and % crystallinity (Xc) were 

determined by differential scanning calorimetry (DSC) on a TA DSC Q2000 equipped 

with thermal analysis data acquisition software. Plastic samples of approximately 5 mg 

were encapsulated in standard DSC aluminum pans. The instrument was calibrated using 

an indium standard. Except for PVC, DSC thermograms were obtained from -90 to 
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285°C for 2 cycles at a heating/cooling rate of 10°C/min under nitrogen. PVC materials 

were heated up to 230°C only to prevent potential release of HCl gas that may damage 

the equipment (21, 22). The crystallinity of homogenous plastic materials was calculated 

using eq 1:  

%100







f

obs

f

c
H

H
X      (1) 

where obs

fH represents the observed fusion enthalpy of the plastic as measured in the 1
st
 

DSC cycle and  fH  is the fusion enthalpy for purely crystalline polymer [288 J/g for PE 

(23), 207 J/g for PP (24), 121 J/g for (25), PET, and 52 J/g for PS (26)].  

 

The morphology and particle size of the plastic materials were observed by scanning 

electron microscopy (SEM) performed on a Hitachi S-3200 and an FEI XL30 SEM, both 

operating at an accelerating voltage of 5 kV. The plastic materials were coated by a K-

550X sputter coater with Au/Pd ∼100 Å thick to reduce electron charging. The average 

particle size was based on the minimum particle diameter or length obtained from the 

SEM micrographs. 

 

3.2.3 Model HOC 

Toluene was selected as the model HOC because it is frequently detected in landfill 

leachates (15), sorbs to refuse (6), and biodegrades in decomposing refuse (27). 
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Moreover, its relatively small molecular size (5.6 Å, ChemSketch) makes it possible to 

achieve sorption equilibrium at reasonable times (e.g. < 180 days, (10)). Experiments were 

conducted with 
14

C-labeled toluene (Sigma-Aldrich) as described in (10). 

 

3.2.4 Sorption Uptake Test  

Sorption uptake tests were conducted with individual plastics in phosphate-buffered (1 

mM) ultrapure water. Sodium azide (200 mg/L) was added to inhibit aerobic microbial 

activity. For each test, multiple replicate 28-mL glass ampoules were set up using one 

solid-to-water ratio and one initial sorbate concentration for a given sorbent. Ampoules 

were washed and baked in a muffle furnace at 325°C overnight prior to use.  Using a gas 

tight syringe, 10 - 20 µL of 
14

C-toluene stock solution was spiked into the bottom of the 

ampoules to achieve an initial toluene concentration of 360 - 1280 µg/L. Ampoules were 

flame-sealed immediately after spiking and tumbled end-over-end at room temperature. 

At each sampling time, triplicate ampoules containing sorbent and duplicate blanks were 

broken to remove 1 to 2 mL aqueous sample for scintillation counting. Samples were 

filtered through a PTFE membrane (0.2 µm, Millex-LG, Millipore) before injection into 

scintillation cocktail (Ultima Gold
TM

, Packard Instrument Company). Unfiltered samples 

from blanks were used to account for toluene losses due to filtration. Ampoules were 

sampled until sorption equilibrium was achieved. 
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3.2.5 HOC Sorption Rate Predictions  

The effects of particle diameter (d) or thickness (i.e. diffusional length), and solid-to-

liquid ratio (S/L) on sorption rates of toluene in rubbery and glassy plastics were assessed 

by employing Crank’s analytical solution for diffusion from a well-stirred solution of 

limited volume (28). 

 

 3.3 Results and Discussion 

 

3.3.1 Plastics Characterization 

Chemical compositions of the plastic products and model polymers are summarized in 

Table 1. The sum of the measured C, H, N, ash and calculated O and Cl contents resulted 

in recoveries of 74.9 - 104%. The two lowest recoveries were obtained for composite 

materials, and these were likely due to unknown components such as fillers, stabilizers 

and/or plasticizers. For example, silinates and titanates are typical coupling agents used 

with fillers to improve adhesion to the polymer (29). The presence of inorganic 

compounds in several post-consumer plastics is also evident in the ash content, which 

ranged from 4.2 to 57.7 %. Vinyl flooring may contain more than 50% limestone filler 

(30), and PVC pipes also may contain more than 13% filler (21).  
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The measured organic carbon fraction (foc) of the homogenous plastic materials closely 

matched the theoretical foc, (given as %C in Table 1). Furthermore, the XRD 

diffractograms of the drinking water container, prescription drug bottle, soda bottle and 

disposable cold cup corresponded to those of pure HDPE, PP, PET and PS, respectively 

[Figures S1 and S2, (19)]. The agreement between theoretical and measured organic 

carbon content as well as between XRD diffractograms of homogenous plastic products 

and pure polymers suggests that the behavior of homogenous plastic products should be 

similar to that of corresponding pure polymers.  The difference between the measured 

and the theoretical foc in composite plastics can be attributed to other components (e.g. 

limestone filler, backing material, cellulose paper layers in formica sheet). Homogenous 

plastic materials have a wider range of foc values (0.376 - 0.876) compared to biopolymer 

composites in solid wastes (0.417 – 0.488, (6)). Because the plastic content of MSW is 

typically less than 15% (2), the contribution of plastics to the foc of MSW (40-50%, (31)) 

is lower compared to that of biopolymer composites. The foc of the SOM has been 

established as a major factor controlling the sorption of HOCs in soils and sediments (32, 

33).  

 

As shown in Table 2, plastic materials vary in their physical and chemical properties, 

principally because of their differences in chemical composition and structure (Table S1). 

Polymers that have regularity in chain structure such as polyethylene (PE) and PP are 

capable of crystallizing. Since sorption of HOCs generally occurs in the amorphous 
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region, the degree of crystallinity in a polymer is important as it controls the amorphous 

fraction (famorphous) accessible to HOCs. Crystallization will occur if there is adequate gain 

in energy as a result of optimizing intermolecular attractions through ordered packing. 

Generally, only the linear parts of the chains crystallize and the branches are deported 

into the amorphous regions. The higher the degree of branching in a polymer, the less its 

ability to crystallize. Random attachment of chemical groups on the side chains will 

render the polymer to be wholly amorphous (34). The crystalline region is characterized 

by molecules or segments of molecules that are regularly arranged in a crystal lattice. In 

contrast, the amorphous region has randomly arranged molecules, thus exhibiting a 

structure that is loose and flexible, and more similar to liquids.  

 

For PE materials in this study, the crystallinity (Xc) decreases from 74.3% to 40.2% as the 

degree of branching increases from HDPE to LDPE (Table 2, Figure S1). The Xc values 

obtained for PE model polymers are within the range of literature values (23, 24, 35, 36). 

The HDPE drinking water container had an Xc value that was slightly lower than that of 

the model HDPE polymer (Table 2, Figure S3). The Xc values of the soda bottle (PET) 

and prescription drug bottle (PP) differed slightly from literature values of model 

polymers (39 - 48%, PET, 37; 31%, PP, 24). The differences of the measured Xc of 

plastics from literature values of pure polymers were possibly due to differences in 

thermal history. The rate at which a polymer sample is quenched will significantly affect 

the degree of crystallinity (34).       
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The amorphous region of polymers may exist in either rubbery or glassy states depending 

upon the chemical structure and the ambient temperature and pressure. At room 

temperature, plastics that have a low Tg (e.g. PE has a Tg -20°C) are classified as rubbery 

or “ soft” plastics, while those that have a high Tg (e.g. PVC has a Tg of 80 - 90°C) are 

considered glassy or “hard” plastics (38). A particular polymer can transition from the 

glassy to the rubbery state when it is heated above its Tg. 

 

The Tg of a polymer is primarily defined by its chemical structure and composition. 

Polymers with stiffer chains and with stronger intermolecular interactions will have a 

higher Tg. For example, the attachment of a Cl atom and a methyl (CH3) group to the 

backbone of PVC and PP, respectively (Table S1), has a similar steric hindrance effect on 

bond rotation. However, the Tg of PVC is significantly higher than that of PP because the 

electronegative Cl atom leads to stronger attractive interactions between polymer chains, 

resulting in more closely positioned chains and a smaller free volume between chains. 

Bulky groups such as the benzene ring in the backbone of PET (Table S1) also raise the 

Tg through steric hindrance to bond rotations (34).    

 

Based on their measured Tg, the drinking water container, prescription drug bottle and 

furniture foam behave like rubbery polymers at room temperature while the soda bottle, 

disposable cold cup, PVC pipe, and computer casing behave like glassy polymers (Table 

2). The measured Tg of the studied plastics is comparable to measured and literature 
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values of the main monomer constituents (Table 2, Figure S4). It should be noted that 

measurement of Tg can be affected by the rate of cooling during DSC analysis so some 

variation among Tg values is expected. Moreover, differences in molecular weight of 

polymer samples affect Tg because lower molecular weight chains have more ends per 

unit volume than long chains, resulting in a higher free volume and lower Tg (34, 39). 

 

Solubility parameters are often used to predict compatibility of polymers, chemical 

resistance and solvent affinity. A sorbate/sorbent system with matching solubility 

parameters represents a compatible solute/solvent system. The extent of the similarity 

determines the extent of the sorbate-sorbent interaction.  The Hildebrand solubility 

parameter (δ) originated from the concept of cohesive energy (i.e. the energy associated 

with the net attractive interactions of a material): 

2
1











V

E
      (2) 

where E is the molar cohesive energy, V denotes the molar volume, and δ has the unit 

(cal/cm
3
)

1/2
 (34, 40). The Hansen solubility parameter has three components, a dispersion 

term (δd), a polar term (δp), and a hydrogen-bonding term (δh), and is roughly equivalent 

to the Hildebrand solubility parameter as defined in eq (3). 

2222

hpd      (3) 

Solubility parameters for polymers are empirically determined by solution experiments 

but can be estimated using various group contribution methods. Although the solubility 
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parameters from the literature for each studied plastic material has a considerable range 

(Table 2), they are still useful, at least qualitatively, in describing sorbate-sorbent 

interactions.  

 

3.3.2 Affinity of Plastics for HOCs  

The partition coefficients (Kp) describing toluene sorption to plastic materials and model 

polymers in this study are summarized in Table 3. In general, Kp values for plastics are 1 

to 2 orders of magnitude higher than for biopolymer composites in solid wastes [fresh 

office paper, 2.7; fresh newsprint, 13.0; fresh rabbit food as model for food and yard 

waste, 27.3; (6)]. Differences in Kp increase to 3 orders of magnitude when considering 

toluene sorption to glassy plastics at lower aqueous-phase HOC concentrations (< 10 

µg/L) because of favorable nonlinear sorption to nanovoids and/or unrelaxed free volume 

regions (41, 42). It is well established that sorption of HOCs to glassy polymers has a 

nonlinear hole-filling (adsorption) mechanism in addition to the linear dissolution 

(partitioning/absorption) mode present in rubbery polymers (9, 43). The amorphous 

region of glassy polymers has a rigid and condensed structure with nanovoids while that 

of rubbery polymers has a soft and flexible structure. Nanovoids are unrelaxed free 

volume sites, formed because of the stiffness of the glassy matrix. The size and 

distribution of nanovoids in glassy polymers depends on their thermal (e.g. sub-Tg 



67 

 

annealing, thermal quenching; 17, 37) and swelling history (i.e. chemical conditioning; 

37, 41, 44). 

 

Among homogenous plastic materials and pure polymers, the order of sorption affinity 

for toluene is disposable cold cup (PS) > model PVC > computer casing (ABS) > 

furniture foam (PU) > soda bottle (PET) ≈ prescription drug bottle (PP) > model LDPE ≈ 

model MDPE > drinking water container (HDPE) > model HDPE (p = 0.05). With the 

exception of the soda bottle, glassy homogenous materials exhibit higher Kp values than 

the rubbery plastics. The crystallinity of the soda bottle is higher than that of other glassy 

polymers and likely contributed to the relatively low Kp value for PET.  

 

The proximity of solubility parameters for the different plastic materials relative to that of 

toluene (δ = 18.2 MPa
0.5

) is relatively close. The rubbery plastics except for the furniture 

foam (PU) are nonpolar materials (Table S2), suggesting that non-specific dispersion 

interactions were the dominant sorbate-sorbent interaction. Although the molecular 

interactions between the glassy plastics and toluene possibly included some dipole and H-

bonding interactions (see polar and H-bonding terms of Hansen solubility parameter in 

Table S2), the sorbate-sorbent interactions were dominated by dispersion (see dispersion 

term of Hansen solubility parameter in Table S2). Thus, the large difference in affinity 

for toluene between glassy and rubbery plastics studied here cannot be attributed to 

sorbent-sorbate compatibility or specific sorbent-sorbate interactions alone.  
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Other HOCs such as bisphenol A and PCE that have the potential for dipole and H-

bonding interactions (Table S2) will behave differently from toluene. For example, 

sorption uptake tests with bisphenol A as the sorbate showed considerable sorption 

affinity for furniture foam (PU) and the disposable cold cup (PS) after a week of contact 

time while the model HDPE did not measurably sorb bisphenol A even after 53 d of 

contact  (data not shown). Hansen solubility parameter for bisphenol A (δ = 24.4 MPa
0.5

, 

40) is closer to that of PU (δ = 21.2 -24.9 MPa
0.5

) and PS (δ = 19.3 -23.4 MPa
0.5

) than 

that of HDPE (δ = 18.1 MPa
0.5

). Given that bisphenol A is polarizable and capable of H-

bonding interactions, it was more compatible with PU and PS polymers than with 

nonpolar HDPE (see polar and H-bonding terms of Hansen solubility parameters in Table 

S2). Thus, the properties of both sorbate and sorbent are important in understanding 

sorption affinity of plastics for HOCs.  

 

As shown in Table 3, normalization of Kp by the amorphous fraction reduced the 

variation among the semi-crystalline plastics, indicating that Xc is an important property 

when examining sorption affinity of plastics for HOCs. The Kp/famorphous values for 

toluene are statistically similar for the drinking water container (HDPE), prescription 

drug bottle (PP), soda bottle (PET), model MDPE, and model LDPE at p = 0.05. The 

Kp/famorphous value for pure HDPE is significantly higher than for the drinking water 

container (p = 0.05), probably because of differences in molecular weights. Low-molar-

mass PEs will have more free volume originating from chain ends, resulting in higher 
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sorption capacity (39). Normalization of Kp by foc was not meaningful (Table 3), 

suggesting that unlike in soils and sediments, foc is not a controlling factor for HOC 

sorption to plastics.  

 

3.3.3 (De)Sorption Kinetics of HOCs in Plastics 

 The (de)sorption rate of sorbed HOCs can be described by intraparticle mass transfer 

parameters such as the polymer diffusion coefficient (D). (De)sorption rates can be 

determined if D (sorbent-sorbate specific), particle size, and sorption equilibrium 

parameters are known. As shown in Table 4, the diffusivity of toluene is rapid in rubbery 

plastics (10
-10 

cm
2
/s) but slow in glassy plastics (10

-12 
cm

2
/s), a result that is consistent 

with the characteristics of rubbery and glassy polymers. Glassy polymers because of their 

rigid structure have much reduced relaxation speed relative to rubbery polymers, 

resulting in slow diffusion of the penetrating HOC. In this study, the Drubbery/Dglassy ratio 

was 10
2
, which is in agreement with literature reports that range from 10

2
 – 10

8
 for solute 

molecules of 5 to 7 Å (16, 45).  

 

The D values of toluene determined for different plastic materials were measured at 

dilute toluene aqueous concentrations (i.e. <0.25% of aqueous solubility of toluene) 

which is within the range of toluene concentration detected in landfill leachates (1 – 

12300 μg/L, 15). The D values of HOCs in plastic materials obtained at neat or high 
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aqueous-phase concentrations are higher than at dilute concentrations because of the 

swelling or plasticizing effect, making the polymer behave like a rubbery material (16). 

The diffusivity of toluene in the prescription drug bottle was of the same order of 

magnitude as in model HDPE. The D values describing toluene uptake by model HDPE 

and the drinking water container were statistically similar (p = 0.05). D values obtained in 

this study differed from those published by Joo et al. (46) and Sangam and Rowe (47). 

This difference was likely due to differences in HDPE crystallinity. The diffusivity of 

toluene in the glassy plastics was within the range of literature values for PVC and PS 

(10
-9

 cm
2
/s, 48, 10

-14
 cm

2
/s, 49, 50). 

 

Using typical thicknesses of plastic products, Figure 2 illustrates the dramatic decrease of 

HOC sorption rates in various rubbery and glassy plastics as the diffusional length scale 

increases. At a sorbent concentration of 5 g/L, sorption of toluene to plastic bags or films 

(d = 0.05 mm) made of PVC reduces the aqueous-phase concentration by 50% and 70% 

in about 1 and 5 days, respectively, but only 30% for the same contact times when the 

bag or films are made of HDPE (Figure 2A). Because the diffusional length scale in this 

example is short enough to allow a rapid approach to sorption equilibrium, the higher 

sorption affinity of PVC for toluene explains the higher toluene uptake even after 

relatively short contact times. On the other hand, sorption kinetics control the amount of 

HOC sorbed at these contact times if the diffusional length scale is increased. For 

example, HDPE and PP containers and packaging materials with 1.5 mm thickness can 
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sorb ~12% and ~23% of aqueous toluene concentration in 1 and 5 days, respectively. 

PVC and ABS materials with similar thickness will sorb less for the same contact time 

because of slow toluene diffusivity (Figure 2B). Compared to other glassy plastic 

materials, PET would sorb the least amount of toluene because of its low affinity for 

toluene (Figure 2B). In contrast, sorption uptake of toluene by PS would be the highest at 

these contact times due to its high affinity for toluene. Figure 3 shows that a higher mass 

of plastics relative to the volume of liquid will result in a greater and more rapid HOC 

uptake. Typically, landfills exhibit an S/L of 5000 or greater. At a S/L of 500 g/L, 

equivalent to 10% plastics content in a landfill with an S/L = 5000 (i.e. 16% moisture 

content on weight basis), both PVC and HDPE materials with 1.5 mm thickness can sorb 

~90% of dissolved toluene in  1 hr.  

   

Recent analysis of undisturbed layers in a 25-year-old landfill detected alkanes, 

polycyclic aromatic hydrocarbons (PAHs) and numerous xenobiotics in solid waste 

samples at μg/kg to mg/kg concentrations (51). The potential for plastics to sequester 

HOCs is compounded by the slow desorption of HOCs, especially from glassy plastics. 

The desorption D of toluene in both HDPE and PVC is significantly slower than the 

uptake D (p = 0.05, Table 4). Using the polymer diffusion model described previously 

(10), the desorption half-life of toluene in a PVC packaging material with 1.5 mm 

thickness was estimated to be 12.6 yr. Slow desorption of toluene from glassy plastics 

could affect bioremediation in landfills receiving MSW with glassy plastics. Of course, 
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the presence of HOCs in leachate suggests that preferential flow is also important. Given 

the estimated toluene biodegradation half-life under methanogenic conditions is about 

742 d (52) in decomposing refuse, discarded plastics are potential sinks of HOCs in 

landfills. 
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Table41. Chemical composition of representative plastics in solid wastes
a
 

Sorbents Main 

Monomer 

C H N O
b
 Cl

b
 Ash Total Theoretical 

% C
c
 

  (% by weight) 

 

 

 

 

 

 

 

Pure Polymers          

HDPE
d
 PE

e
 87.6 14.5 0.1   0.0 102.2 85.6 

MDPE PE
e
 85.2 5.8 0.04   0.0 91.0 85.6 

LDPE PE
e
 84.6 6.1 <0.02   0.0 90.7 85.6 

PVC
d
 PVC

e
 38.9 4.7 0.1  56.7 0.0 100.4 38.4 

Homogenous Materials          

Drinking water container PE
e
 84.4 7.6 0.0   0.0 92.0 85.6 

Prescription bottle PP
e
 84.3 8.2 0.1   0.0 92.6 85.6 

Soda bottle PET
e
 61.1 4.3 <0.02 33.3  0.0 98.7 62.5 

Computer casing ABS
f
 72.6 4.9 4.8   6.1 88.4 64.7 – 73.1 

PVC pipe PVC 37.6 5.1 <0.02  53.5 5.8 102.0 38.4 

Disposable cold cup PS
e
 84.0 7.1 0.0   7.1 98.2 89.9 

Furniture foam PU 58.7 5.2 5.8 29.1  5.2 104.1 51.9 

Composite Materials          

Nylon carpet
g
 PA,6 35.1 4.6 4.0 14.1  36.4 94.2 63.7 

Vinyl flooring
g,h

 PVC 19.4 4.5 0.1   57.7 81.6 38.4 

Formica sheet MF 

 

50.8 4.9 3.4 11.7  4.2 74.9 37.4 
a
Average of replicate analyses. 

b
Calculated values based on monomer structure (Table S1) 

c
Theoretical values of % C are based on monomer structure (Table S1). 

d
C, H, N values from ref. 

(6).
 e
Validated by using XRD analysis. 

f
(53). 

g
C, H, N analysis using acid washed samples to eliminate CaCO3 filler. Data corrected to initial mass. 

h
Contained 50% limestone filler (30).  
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Table52. Physical and chemical properties of representative plastics in solid wastes
a
 

Sorbents Tg (°C) 

 

Tm (°C) fcrystalline 

 

famorphous Solubility Parameters, δ 

(MPa)
0.5

 

 Measured Literature
b
 

 

Measure

d 

Literature
b
 

bbb 

 

  Hildebrand
c
 Hansen

d
 

Pure Polymers        

HDPE -16 -90, -20 131 137 0.743 0.257 15.8 - 17.1 18.1 

MDPE -15  129  0.544 0.456 15.8 - 17.1 18.1 

LDPE -22 -110, -20 105 115 0.402 0.598 15.8 - 17.1 18.1 

PVC 84 80 - 90 n.d.
e
 212, 273 0.15 -0.05

f
 0.85 - 0.95 19.2 - 22.1 19.4 - 21.5 

Homogenous Materials        

Drinking water 

container 

-18 -90, -20 133 137 0.645 0.355 15.8 - 17.1 18.1 

Prescription drug 

bottle 

-10 -10, -18 163 176 0.414 0.586 17.5 - 19.2 18.0 

Soda bottle 79 81 241 250, 265 0.362 0.638 21.8 21.5 - 22.1 

Computer casing 108 105 n.d.  n.a.
g
 1.000  18.0 - 20.6 

PVC pipe 83 80 - 90 n.d. 212, 273   19.2 - 22.1 19.4 - 21.5 

Disposable cold  

cup 

97 100, 105 247 240 0.017 0.983 17.6 - 19.8 19.3 - 23.4 

Furniture foam -57 -39 n.d.  n.a.  20 - 21.1 21.2 - 24.9 

Composite Materials        

Nylon carpet -10, 77 40, 50 162 215 n.a.  22.5 20.3 - 22.9 

Vinyl flooring 59  n.d.  n.a.  19.2 - 22.1 19.4 - 21.5 

Formica sheet n.a.  n.a.  n.a.    
aAverage of replicate analyses. bValues obtained from (38, 54). cValues obtained from (55); 1 (cal/cm3)1/2 = 2.0455 MPa1/2; d Values obtained from (40). eNot detected 
during DSC analyses. fValues were based on ref. (22, 56). gNot applicable.  
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Table63. Partition coefficients of toluene in different plastics in solid wastes 

Sorbents Main 

Monomer 

Kp
a, b

 Kp/famorphous  Kp/foc  

Pure Polymers       

HDPE
c
 PE 70.7

u
 (1.9) 275.5

u
 (2.2) 83.6 (2.2) 

MDPE PE 104.1
v
 (5.7) 228.5

v
 (6.5) 123.0 (6.8) 

LDPE PE 123.1
 v
 (14.5) 205.7

v
 (16.6) 145.5 (17.2) 

PVC
 c
 PVC 809.2 (0.0) 852 - 

952 

(0.0) 2080.2 (0.0) 

Homogenous Materials       

Drinking water 

container 

PE 86.0
w
 (0.8) 242.5

v
 (0.9) 102.0 (0.9) 

Prescription drug 

bottle  

PP 150.9
x
 (9.1) 257.4

v
 (10.8) 179.1 (10.8) 

Soda bottle PET 157.7
x
 (3.0) 247.1

v
 (4.9) 258.1 (4.9) 

Computer casing  ABS 630.7 (5.6) 630.7 (7.7) 868.6 (7.7) 

Disposable cold cup PS 1338.9 (8.0) 1361.7 (9.5) 1593.3 (9.5) 

Furniture foam PU 294.7 (0.8)   501.6 (1.4) 

Composite Materials       

Nylon carpet PA,6 55.8 (1.1)   159.1 (3.2) 

Vinyl flooring PVC 83.1 (0.6)   428.9 (3.2) 

Formica sheet MF 110.3 (0.4)   217.1 (0.9) 

aPartition coefficient units are (μg/kg)(L/μg); values in parentheses represent one standard deviation. bThe different 
superscripts indicate significant difference (p = 0.05). cValues from (6); PVC’s Kp calculated at Ce = 200 μg/L. 
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Table74. Diffusion coefficients of toluene in different plastics in solid wastes
a 
 

Sorbents Main 

Monomer 
Particle 

Size
b 

Sorption Uptake       

D
c
 

Desorption
d
                   

D  

  (µm) 

 

(cm
2
/s) (cm

2
/s) 

HDPE PE 500.0 7.25E-10
u (5.9E-11) 3.13E-10 (1.3E-11) 

Drinking water 

container 
PE 475.0 8.14E-10

u
  (4.4E-11)   

Prescription 

drug bottle 
PP 337.4 1.65E-10

v (1.2E-11)   

Soda bottle PET 124.3 2.27E-12
w (8.2E-17)   

Computer 

Casing 
ABS 22.0 1.27E-12

x (2.0E-13)   

PVC PVC 140.0 1.20E-12
x (1.4E-13) 4.33E-13 (2.6E-14) 

Disposable cold 

cup 
PS 23.3 7.36E-12

z (9.7E-15)   

a
Values in parentheses represent one standard deviation. bAverage particle size based on SEM 

micrographs. 
c
The different superscripts indicate significant difference (p = 0.05). d(10). 
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Figure51. Composition of plastics in discarded MSW in the U.S. for 2007 by (a) 

resin (b) product-based categories for each plastic resin (1). 
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Figure62. Predictions of toluene sorption rates in different plastic 

materials with (A) d = 0.05 mm and B) d = 1.5 mm , showing the 

effects of particle size at Co = 0.366 mg/L, and S/L = 5 g/L. 
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Figure73. Predictions of toluene sorption rates in a glassy plastic (PVC) and a 

rubbery plastic (HDPE), showing the effects of solid-to-liquid ratio from 0.05 

to 500 g/L, at Co = 0.366 mg/L and d = 1.5 mm. 
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Chapter 4 

ESTIMATING SORPTION EQUILIBRIUM AND KINETIC PARAMETERS FOR 

ORGANIC CONTAMINANTS IN LANDFILLS  

 

4.1 Introduction  

Sorption and desorption equilibria and rates are important processes governing the 

distribution and fate of hydrophobic organic contaminants (HOCs) in landfills (1-3). 

HOCs such as alkylbenzenes, chlorinated hydrocarbons, PAHs, and phthalates, are 

examples of compounds that are frequently detected in landfill leachate (4, 5) and are 

expected to sorb at different rates and to different extents to organic solids in landfills. 

Sorbent organic matter (SOM) in landfills is comprised primarily of biopolymer 

composites [e.g., office paper (OP), newsprint (NP), food and yard wastes], rubbery or 

“soft” plastics [e.g., high density polyethylene (HDPE)] and glassy or “hard” plastics 

[e.g., poly(vinyl chloride) (PVC)] (6).  

 

The objectives of this research were to (1) establish op-LFERs that relate Koc to sorbate 

Kow for individual MSW components [OP, NP, rabbit food (RF) as a model for food and 

yard waste, HDPE as a model for rubbery plastics, PVC as a model for glassy plastics], 

(2) compare and confirm the partition coefficient (Kp) estimates by various LFERs [soils 

and sediments, mixed MSW, individual MSW components] for toluene sorption to two 
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solid waste mixtures, (3) compare op-LFERs and pp-LFERs for selected sorbents [fresh 

NP, HDPE, mixed MSW], and (4) establish and confirm correlations between HOC 

diffusion coefficients in rubbery and glassy plastics and HOC molecular size. 

Applications of these predictive tools and implications of their results in the context of 

fate and transport modeling were also examined.  The following sections provide a brief 

background on sorption equilibrium and kinetic parameters.   

 

4.1.1 Sorption Equilibrium Parameters 

At equilibrium, HOC sorption by linear dissolution (partitioning/absorption) is 

mathematically described by an isotherm involving the partition coefficient, Kp  

ep CKq    (1) 

where q is the solid phase concentration; i.e., the amount of the HOC sorbed per unit 

mass of solid (μg/kg), and Ce is the aqueous phase concentration at equilibrium (μg/L). 

Glassy polymers, because of their rigidity, possess long-lived, closed internal nanoscale 

pores that can serve as adsorption sites. The existence of amorphous polymer segments 

and internal nanovoids in glassy polymers result in HOC sorption by linear dissolution 

(partitioning/absorption) and by nonlinear hole-filling (adsorption) mechanisms (7). 

Because of the dual nature of the sorption mechanisms, HOC sorption to glassy polymers 

is generally described by the nonlinear Freundlich model, 
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n

eF CKq                                   (2)  

where KF is the Freundlich constant that is related to the HOC uptake capacity of the 

sorbent material, and n is the Freundlich exponent that is an indicator of the site energy 

distribution of a sorbent (i.e., sorbent heterogeneity increases as n decreases from 1, 8). 

Weber and co-workers (9) showed that nonlinear sorption can be masked at high aqueous 

phase HOC concentrations but can actually control the overall sorption behavior at low 

aqueous phase HOC concentrations. At low aqueous phase concentrations (<1 to 1.5 % of 

aqueous solubility), HOCs are sorbed most favorably by regions or components of SOM 

that have the strongest affinity for that compound (10). As the high-affinity regions 

(characterized by non-linear sorption isotherms) become saturated, HOC sorption is 

limited to less strongly sorbing regions (characterized by linear sorption isotherms).  

 

SOM in landfills (synthetic polymers and biopolymer composites) can be envisioned as a 

mixture of glassy and rubbery polymers.  Because there are multiple sorption 

mechanisms involved, a sorption isotherm of  mixed MSW  can be described better by a 

“distributed reactivity model” (9), a “dual mode sorption model” (7), or simply by 

adsorption-partitioning or adsorption-absorption models (11, 12). As originally proposed 

(9), the distributed reactivity model (DRM) takes the form: 

  in

efii

m

i

nlepl CKxCKxq 



1

  (3) 
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where lx  is the mass fraction of solid phases exhibiting linear sorption, pK  is the mass-

averaged sorption coefficient for linearly sorbing components,  
inlx  is the mass fraction 

of the ith nonlinearly sorbing component, and fiK  is the Freundlich sorption coefficient 

expressed on a per mass of component i basis. The model has been applied to soils and 

sediments having components with different organic matter content [i.e. "hard” or 

“glassy” and “soft” or “rubbery” SOM; (7, 11, 13)]. 

 

In soils and sediments, studies over 4 decades have shown that Kp strongly depends on 

the organic carbon fraction (foc) of the sorbent, and, as a result, the organic-carbon-

normalized partition coefficient, Koc, is often reported to compare HOC sorption among 

geosorbents (14, 15), where  

ocpoc fKK /   (4) 

Using the extensive body of literature on HOC sorption to geosorbents, op-LFERs 

between Koc and a sorbate property such as the octanol-water partition coefficient (Kow) 

have been developed with which Koc can be estimated (16, 17). A general form of such 

op-LFERs is shown in eq 5. 

bKaK owoc  loglog    (5) 

where a and b are empirical constants that may differ for different sorbent and/or sorbate 

classes (16). The underlying assumption for op-LFERs between Koc and Kow is that the 
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sorptive uptake of aqueous HOCs by amorphous organic matter can be described by a 

partitioning process that is analogous to HOC partitioning between water and an organic 

solvent. Once Koc is estimated from eq 5 and the foc of the sorbent is known, Kp can be 

calculated from eq 4.  

 

For plastic materials that have a considerable degree of crystallinity (e.g., HDPE is semi-

crystalline), Kp may be governed by the amorphous fraction (famorphous) because HOC 

sorption does not occur in the crystalline region (18). Kam, the amorphous-fraction-

normalized partition coefficient can be calculated using eq 6.  

amorphouspam fKK /   (6) 

Hence, a proposed form of an op-LFER for semi-crystalline plastics such as HDPE is, 

bKaK owam  loglog    (7) 

where a and b are empirical constants that may differ for different sorbent and/or sorbate 

classes. 

 

Sorption variability has been extensively reported for isolated SOM fractions of variable 

polarity (e.g., O/H atomic ratios, aromaticity, and aliphatic components; (19-21) or of 

variable thermal alteration (22). The op-LFER using Kow is more appropriate for HOCs 

for which non-specific van der Waals interactions with the SOM are dominant. To 
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account for specific interactions between sorbates and SOM (e.g., H-acceptor/H-donor 

interactions for monopolar and bipolar organic contaminants), pp-LFERs were recently 

developed for soils and sediments (15, 23). A general form of such pp-LFERs is 

presented in eq 8. 

 log Koc = e·E + s·S + a·A + b·B + v·V + c   (8) 

where E is the excess molar refraction (i.e. describes non-specific interactions by London 

dispersive and Debye forces); S is a polarity/polarizability descriptor (i.e., some cross 

effect of E but primarily describes dipole-dipole interactions, (24); A is a descriptor of 

overall hydrogen-bond acidity (H-donor or electron acceptor); B a descriptor of overall 

hydrogen-bond basicity (H-acceptor or electron donor); and V [cm
3
 mol

-1
 / 100] is 

McGowan’s characteristic volume. The coefficients e, s, a, b, v, and c are regression 

parameters describing the differential interactions of the set of sorbates interacting with 

the aqueous phase versus interacting with a water-wet sorbent.  

 

4.1.2 (De)Sorption Kinetic Parameters 

The (de)sorption rate of sorbed organic contaminants can be described by an intraparticle 

mass transfer parameter such as the polymer diffusion coefficient (D). HOCs are assumed 

to diffuse through a polymeric organic sorbent matrix because intraparticle porosity is 

considered negligible. MSW components (OP, NP, rabbit food (RF) as a model food and 
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yard waste, PVC, and HDPE) have small BET surface areas [0.5-6.0 m²/g, (25)]. In 

general, (de)sorption rates can be determined if D (sorbent-sorbate specific), particle size 

and sorption equilibrium parameters are known.  

 

HOC desorption rates from homogenous plastics such as PVC and HDPE can be 

described by a single-parameter polymer diffusion model in which D is the adjustable 

parameter (26). For biopolymer composites, a three-parameter biphasic polymer diffusion 

model is able to describe HOC desorption rates from OP, NP, and RF (26). The three 

adjustable parameters in the biphasic polymer diffusion model are Dr (diffusion 

coefficient in the compartment from which HOCs desorb rapidly), Ds (diffusion 

coefficient in the compartment from which HOCs desorb slowly), and Φr (rapidly 

desorbing sorbate mass fraction). A description of the polymer diffusion models was 

previously presented (26). 

  

Sorption uptake rates of HOCs to HDPE and polystyrene (PS) can also be described by 

Fick’s second law and a single-parameter polymer diffusion model containing D. If D is 

constant, Fick’s second law can describe a change in the HOC concentration at any point 

in a plastic particle with time, 
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where C = concentration of the HOC in a plastic particle (M/L
3
]; r = distance along the 

direction of diffusion [L]; and t = elapsed [T]. Diffusion coefficients can be calculated by 

employing Crank’s analytical solution for diffusion from a well-stirred solution of limited 

volume. Eq 8 shows the analytical solution for a spherical particle (27), 
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where Mt is the total amount of diffusing HOC that has entered the sphere at time t, M∞ 

refers to the quantity after infinite time, a is the radius of the sphere, qn values are the 

nonzero positive roots of  
23

3
tan

n

n
n

q

q
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  , α is expressed in terms of the final fractional 

uptake of HOC by the sphere by the relation 




1

1

oVC

M
, where V is the liquid volume 

and Co is the initial HOC aqueous concentration. 

 

4.2 Data Collection and Regression Analyses 

 

4.2.1 LFERs for Individual MSW Components 

LFERs were developed from previously published sorption isotherm data as well as 

sorption isotherm data collected in this study. Kp values describing toluene, o-xylene and 

tetrachloroethene (PCE) sorption to individual MSW constituents (OP, NP, rabbit food 
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(RF) as a model for food and yard waste, HDPE, and PVC) were taken from Wu et al. 

(25) and Wagner (28). The Kp value describing trichloroethene (TCE) sorption to NP was 

taken from (29). Kp values describing the sorption of benzene, ethylbenzene, toluene, o-

xylene, p-xylene, methylene chloride, 1,2  dichloroethene and TCE to HDPE were 

obtained from Sangam and Rowe (30) and were measured at dilute aqueous HOC 

concentrations (2 - 5 mg/L) for a HDPE geomembrane with  47% crystallinity. Literature 

data on HOC sorption to HDPE and PVC that were obtained at neat or high aqueous 

concentrations were excluded because of swelling or plasticizing effect. Also, HOC 

sorption data from studies that likely did not achieve sorption equilibrium were excluded 

(31-33).  

 

Single-solute sorption isotherm experiments were conducted for selected MSW 

components with phenanthrene, diethyl fumarate (DEF) and malathion. These HOCs 

were selected to extend the range of Kow values covered in prior studies that primarily 

involved toluene, o-xylene, and PCE. A description of the sorption isotherm experiments 

is presented in the Supporting Information (SI). Figures S1 to S3 show the sorption 

isotherms obtained in the present work. Table S1 provides the sorption equilibrium 

parameters describing sorption isotherms of phenanthrene, DEF and malathion for 

selected MSW components.  
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4.2.2 Sorbate Properties 

Table S2 lists the chemicals that were included in the development of op-LFERs for 

individual MSW components. The Abraham solute descriptors (15, 34, 35) and log Kow 

values (EPI Suite v4.0) that were used for LFER development are provided in Table S3.  

 

4.2.3 Polymer Diffusion Coefficients 

Diffusion coefficients of toluene, o-xylene and PCE in HDPE and PVC were taken from 

(26). Additional D values describing the diffusion of gases and organic vapors through 

PVC and PS were utilized to develop correlations between log D and d (36). 

Phenanthrene and malathion sorption uptake tests in HDPE were performed to obtain 

additional D values and establish a correlation between log D and d for a wider range of 

molecular sizes (5.6 – 7.6 Å). Figure S4 shows the sorption uptake rates of phenanthrene 

and malathion to HDPE. Similarly, sorption uptake tests for toluene, o-xylene and 

phenanthrene with PS microspheres were conducted to extend the log D versus d 

correlation to larger HOCs. The sorption uptake rates of toluene, o-xylene and 

phenanthrene to PS are shown in Figure S5. A description of the sorption uptake tests in 

HDPE and PS is provided in the SI. 

 

Diffusion coefficients of toluene, o-xylene, phenanthrene and malathion were calculated 

from Figures S4 and S5 using Crank’s analytical solution for diffusion into spherical 
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particles from a well-stirred solution of limited volume [eq 10, (27)]. Tables S4 and S5 

provide the molecular diameter, chemical structure and diffusion coefficients in HDPE 

and PS of chemicals included in the correlation between D and d. For HOCs that were 

not part of the study by Berens (36), the molecular diameter (d) used in the correlations 

was calculated from molar volume (ChemSketch) using the formula provided by Berens 

(36),  

3
13

1
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1

1184.0 m
m V

N

V

N

M
d 




















                   (11) 

where M is the molecular weight, ρ is the  liquid density of gases at their boiling points, 

or of organic liquids at 20°C; Vm is the molar volume in units of cm
3
/mol,  and N is 

Avogadro’s number.  

 

4.2.4 Regression Analyses 

The coefficients of pp-LFERs were determined by multiple regression analysis of 

experimental values via an ANOVA regression analysis using Microsoft Excel. The 

significance of each molecular descriptor in eq 8 was assessed by comparing loss of 

correlation (i.e., decreasing R
2
) neglecting each parameter one at a time. Coefficients of 

determination (R
2
) represent the fraction of the variability in experimental Koc values that 

could be explained uniquely or jointly by solute descriptors.  The significance of R
2
 was 

tested at p = 0.05 using an F-test.  The significance of individual regression coefficients 
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(i.e., probability that each coefficient was different from zero) was evaluated at p = 0.05 

using a t test.  For op-LFERs and correlations between D and d, one-parameter regression 

analyses were conducted using the same software.  

 

4.3 Confirmation of Kp Estimates for Solid Waste Mixtures 

Sorption isotherm experiments were conducted for 2 hypothetical solid waste mixtures to 

confirm Kp estimates obtained with different LFERs. Solid waste mixture 1 (SWM1) was 

composed of 75% fresh OP, 20% fresh NP and 5% HDPE water container. Solid waste 

mixture 2 (SWM2) was composed of 73% fresh OP, 20% fresh NP and 5% HDPE water 

container and 2% PS cold cup. Toluene was chosen as the model HOC because it is 

frequently detected in landfill leachate (4), sorbs to refuse (25), and biodegrades (3) in 

decomposing refuse. Equally important, sorption equilibrium could be achieved at 

reasonable times (e.g. <10 days) based on previous experiments (18). A description of the 

sorption isotherm experiments is provided in the SI. Figure S6 depicts toluene sorption 

isotherms for solid waste mixtures 1 and 2. The sorption equilibrium parameters 

describing the toluene isotherms for the solid waste mixtures are provided in Table S6. 

 

Toluene Kp estimates obtained with LFERs for soils and sediments and an LFER for 

mixed MSW were calculated using eq 4. For individual MSW component LFERs, 
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toluene Kp estimates for the solid waste mixtures were calculated using eq 12 that was 

derived from the DRM [eq 3, (9)]. 

   

FNPPFNPFOPpFOPHDPEprubbery

n

PVCFglassyMSWp KxKxKxCKxK
e ,,,

1

,,          (12) 

In addition to the LFERs estimates, the Kp values of toluene for SWM1 and SWM2 were 

predicted using the measured toluene Kp for each component of the solid waste mixtures. 

The measured toluene Kp values for the fresh newsprint and the fresh office paper were 

obtained from (25) while those for the HDPE water container and the PS cold cup were 

obtained from (18). Table S7 provides the measured toluene Kp values for individual 

components of the solid waste mixtures.  

 

4.4 Results and Discussion 

 

4.4.1 op-LFERs for HOC Sorption to MSW  

In this study, three options were evaluated to estimate Kp values describing HOC sorption 

to MSW by means of op-LFERs. Option 1 is an op-LFER established for soils and 

sediments containing more than 0.1% organic carbon; i.e., foc >0.001 (37) while option 2 

is a similar op-LFER derived for a MSW mixture (38). Option 3 is a set of op-LFERs 

developed for representative MSW components in this work (Figures S7 to S9). To apply 
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the op-LFERs both the Kow of the sorbate and the foc of the sorbent needs to be known 

(Table 1).  

 

op-LFERs Describing HOC Sorption to Mixed MSW  

Using the data of Reinhart et al. (38), Figure 1A illustrates that Koc values for the tested 

MSW increased with increasing sorbate hydrophobicity (i.e., increasing Kow), a trend that 

had been established previously for soils and sediments (37, 39).  Figure 1A also 

compares the op-LFER derived for the MSW with a common op-LFER for soils and 

sediments (option 1, Table 1). Using the two op-LFERs to predict Koc values for toluene 

sorption to MSW, Figure 1A shows that relatively similar results are obtained. The op-

LFER for mixed MSW was developed using nine HOCs compared to the 13 HOCs that 

were used to develop the op-LFER for soils and sediments, but the mixed MSW data set 

was more diverse in terms of probing the potential for specific sorbate-sorbent molecular 

interactions (Tables 1 and S3). The op-LFER coefficients for the mixed MSW changes 

slightly if more current Kow estimates are used (Figure S10, Table S3). Uncertainties in 

the log Kow values are an important source of error in op-LFER model estimates (15). 

 

op-LFERs Describing HOC Sorption to Individual MSW Components 

For fresh OP, NP and RF, op-LFERs showed a strong correlation between Koc and Kow 

(Figure 1B). Compared to the Koc estimate obtained for toluene (Koc = 235) with the op-
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LFER for mixed MSW (option 2), the predicted toluene Koc values obtained with the op-

LFERs for fresh OP, NP and RF were 3 to 10 times smaller (Figure 1B).  

 

For the synthetic polymers HDPE and PVC, Figure 1B also shows a strong correlation 

between Koc and Kow. The toluene Koc predicted by the HDPE op-LFER was half that 

predicted by the mixed MSW op-LFER while the PVC op-LFER estimate was about an 

order of magnitude larger than the mixed MSW op-LFER Koc estimate (Figure 1B). A 

better op-LFER fit was obtained for HDPE when Kp values were normalized by the 

amorphous fraction (famorphous) to yield Kam (Table 1), a result that is consistent with 

previous work on sorption of toluene to various plastics (18). Normalization of Kp by  

famorphous substantially reduced the variation in sorption affinity among semi-crystalline 

plastics (e.g. LDPE, MDPE, HDPE, PP) while normalization by foc was not effective 

(18). Since the amorphous fraction of PVC was not determined and the Kp data were 

obtained with the same PVC material, an op-LFER between Kam and Kow was not 

established. Typically, the degree of crystallinity of PVC is 5 to 15 % (40, 41), so the 

amorphous fraction of PVC may range from 0.85 to 0.95.    

 

4.4.2 pp-LFERs for HOC Sorption to MSW  

Apart from the op-LFERs, pp-LFERs were developed for a mixed MSW, fresh NP and 

HDPE, employing the same set of solute descriptors applied in prior studies involving 
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soils and sediments [(15), Table 2]. Table 2 also presents the pp-LFER recently 

developed for soils and sediments (option 1) by Nguyen et al. (15) using a data set of 75 

chemicals, including apolar (e.g., PCE), monopolar (e.g., PAHs) and bipolar (e.g., 

phenol) compounds. To use the pp-LFERs, the 5 molecular descriptors (E, S, A, B, and 

V) of the sorbate need to be known (Table 2). Abraham’s group has published a database 

of solute descriptors for a wide range of organic chemicals (34, 35).  

 

pp-LFER Describing HOC Sorption to Mixed MSW 

The regression coefficients for the mixed MSW pp-LFER (option 2) are shown in Table 

2. Interestingly, the goodness of fit (R
2
) obtained with the pp-LFER (Table 2) was poorer 

than that obtained with the op-LFER (R
2
 = 0.98, Table 1; R

2
 = 0.95 Figure S10).  

Possibly, the limited range of HOCs used in the pp-LFER development is the reason for 

this result. The limited number of HOCs also explains why the correlation between log 

Koc and the E, S, A, B, and V terms was not significant (p = 0.05, Table S8) and none of 

the fitted regression parameters (e, s, a, b, c) were statistically significant (i.e. different 

from 0 at p = 0.05). The log Koc correlation with any three-parameter combinations that 

include V and B terms, however, were significant at p = 0.05 (Table S8), a result that 

indicates the importance of sorbate size (i.e. cavity effect and dispersion interaction, V 

term) and sorbate electron-donating nature (B term).   
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 pp-LFERs Describing HOC Sorption to Individual Mixed MSW Components 

Because of limited data set, pp-LFERs for individual MSW components (option 3) were 

established only for fresh NP and HDPE. The resulting regression parameters are shown 

in Table 2. The pp-LFER regression for fresh newsprint has a better fit (R
2
 ≈ 1.00, Figure 

S12) than the op-LFER model (R
2
= 0.92), indicating a better capture of molecular 

interactions other than dispersion. A positive coefficient for the S term suggests that 

electrostatic (i.e. dipole-dipole) interactions and sorbate polarization contributed to HOC 

sorption to water-wet NP (Table 2). For fresh NP, the correlation between log Koc and the 

E, S, A, B, and V terms and all of the regression parameters except for e were statistically 

significant (p = 0.05, Table S9). Results of the sensitivity analysis of the sorbate 

parameters (Table S9) indicate that sorption to fresh NP depended on the sorbate’s size 

(V term), weakly on the sorbate’s polarity/polarizability (S term) and negatively on their 

electron-donating nature (B term). A recent evaluation of pp-LFER regression parameters 

describing the adsorption of organic compounds on activated carbon yielded a similar set 

of important sorbate properties (V, B, and S terms) and proportionality trend (i.e. positive 

dependency on V and S terms but negative dependency on B term, 42). Also, a similar 

proportionality trend for V, B, and S terms was obtained for a pp-LFER describing HOC 

sorption to lignite (23). HOCs sorption to newsprint is controlled by lignin (43), a 

constituent (22.1%) of newsprint that is larger than in most other biopolymer composites 

in MSW (exclude grass, branches, 25). 
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For HDPE, pp-LFERs were developed that relate either Koc or Kam to the Abraham solute 

parameters, and Table 2 lists the regression parameters. Figures S13 and S14 compare the 

experimental Koc and Kam values to pp-LFER predicted values. Both pp-LFERs improved 

the correlation (R
2
 = 0.98, 0.99, Table 2) over the corresponding op-LFERs (R

2
 = 0.89, 

0.93, Table 1). Only the regression parameters for V and B terms were significant in 

HDPE pp-LFER models (Tables S10 and S11). Hence, HDPE sorption was dependent on 

the sorbate’s size and negatively dependent on the sorbate’s hydrogen-bond basicity. The 

large dispersion term (δd = 18.0 MPa
0.5

), small hydrogen-bonding term (δh = 2.0 MPa
0.5

), 

and absence of polar term (δp = 0 MPa
0.5

) in the Hansen solubility parameter for HDPE 

(44) all support the direct dependency of HOC sorption to HDPE on dispersive sorbate-

sorbent interactions.  

 

4.4.3 Confirmation of LFER Estimates   

Single-solute toluene isotherm data for SWM1 (without glassy plastic) and SWM2 (with 

glassy plastic) are depicted in Figure S6. Both the linear partitioning model (eq 1) and the 

Freundlich model (eq 2) were used to describe the isotherm data (Table S6). The value of 

n (0.864, Table S6) for SWM2 was less than 1 and similar to the n value describing 

toluene sorption to PVC (9), a result that suggests non-linear equilibrium sorption and the 

need for the DRM (eq 12). Using the nonlinear isotherm parameters [i.e., KF = 86.5 

(μg/Kg)(L/μg)
n
, n =0.864, Table S6) to describe toluene sorption to SWM2, the measured 
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toluene Kp for SWM2 at Ce = 200 μg/L was 42.1 [(μg/Kg)(L/μg)]. Comparison of Kp 

values at Ce = 200 μg/L is more appropriate than using the Kp value that was derived 

from a linear regression analysis of the entire isotherm data set (KP = 32.6 L/Kg, Table 3) 

because HOC sorption to the PS cold cup was dependent on HOC aqueous concentration 

(i.e., non-linear sorption). Polystyrene (PS) is a glassy polymer at room temperature and 

has a measured glass transition temperature (Tg) of 97ºC (18). The water container is 

made of HDPE and has a measured Tg of -18ºC, so it is considered a rubbery plastic at 

room temperature (~ 22ºC, 18). 

 

The toluene Kp values predicted by various LFERs and the measured toluene Kp values 

for the 2 solid waste mixtures are compared in Table 3. The measured toluene Kp values 

for SWM1 [12.5 (μg/Kg)(L/μg)] and SWM2 [42.1 (μg/Kg)(L/μg); Table 3] were close to 

the DRM  Kp estimates [8.9 (μg/Kg)(L/μg) for SWM1; 35.2 (μg/Kg)(L/μg)  for SWM2 at 

Ce = 200 μg/L; Table 3] obtained using measured toluene Kp for each component of the 

solid waste mixtures (Table S7). Thus, the adapted distributed reactivity model (eq 12) 

was an appropriate approach to estimate toluene Kp for a heterogeneous solid waste 

mixture.  

 

Table 3 shows that LFERs for soils and sediments (option 1) and the mixed MSW of 

Reinhart et al. (38) (option 2) overestimated the Kp value of toluene for SWM1 that 

contained mostly paper (75% fresh OP, 20% fresh NP) and a small fraction of rubbery 
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plastic (5% HDPE water container) by a factor of about 4 to 9. The toluene Kp estimate 

calculated from the individual MSW component LFERs (option 3) for the same solid 

waste mixture (Kp = 8.3) was similar to the measured Kp value (12.5). The overestimation 

of option 1 and 2 LFERs was due to the lower sorption affinity of HOCs for biopolymers 

(Figure 1B) compared to soils and sediments and the MSW mixture of Reinhart et al. (38) 

(Figure 1A).  

 

SWM2 had essentially the same material composition as SWM1, except for the 

replacement of a small fraction of fresh OP (2%) with ground PS cold cup. The small 

addition of a glassy plastic increased the measured Kp of toluene for SWM2 by a factor of 

3 over that measured for SWM1. Toluene Kp estimates by various LFERs also increased 

since the foc of the solid waste mixture increased slightly; PS cup has a higher foc [0.840, 

(18)] than fresh OP [0.373, (25)]. Among the LFERs, the toluene Kp estimate by option 3 

was the closest to the measured Kp value for SWM2.  

 

For SWM2, the pp-LFER for soils and sediments that was developed for a much wider 

range of chemicals gave a Kp estimate of the same magnitude as option 3. However, the 

same pp-LFER overpredicted the toluene Kp value for SWM1. Because glassy plastics 

have a much higher affinity for HOCs (Figure 1B), options 1 and 2 would eventually 

underestimate the Kp of HOCs for solid waste mixtures containing considerable amounts 

of glassy plastics.  Table S12 compares the predicted Kp values obtained with the 3 op-
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LFER options for organic MSW mixtures with compositions typical of those disposed of 

in landfills in 1960 and in 2007 (6). Options 1 and 2 overestimated Kp for “old” MSW 

containing mostly biopolymers and underestimated Kp once MSW contained at least 15% 

glassy plastics. One advantage of option 3 is the ability to take into account changes in 

MSW composition. Another advantage of option 3 is the additional information about the 

distribution of sorbed HOC among individual MSW components (Figure S15). Figure 

S15 shows at least 62% of toluene was sorbed to glassy polymers in the “modern” 

landfill scenario, suggesting that glassy polymers such as PVC can be important HOC 

sinks in modern landfills. 

 

4.4.4 Correlations for HOC Diffusion Coefficients in Polymers     

For a given polymer, it is well established that D decreases with sorbate molecular size, 

characterized in terms of molecular weight, molar volume or molecular diameter (36, 45, 

46). Experimental estimates of D obtained in this research were combined with literature 

data to establish a correlation between D and molecular diameter (d). Correlations 

between diffusion coefficient (D) and molecular diameter (d) are strong for glassy 

plastics such as PVC and PS, but much weaker for rubbery plastics such as HDPE 

(Figures 2 and 3).  The difference in log D versus d correlations between the three 

plastics is consistent with their glassy and rubbery states at room temperature. Glassy 

polymers have rigid and more condensed structures while rubbery polymers exhibit 
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greater mobility and flexibility like a dynamic viscous liquid (41). The correlations 

between log D and d in HDPE, PVC and PS were statistically significant (p = 0.05). 

 

For HDPE, a log D (cm
2
/s) versus d (nm) correlation was initially established for toluene, 

o-xylene, PCE and malathion (log DHDPE = -6.0d – 6.29, R
2
 = 0.90) and was used to 

predict D for phenanthrene. The predicted D of phenanthrene (7.50E-11 cm
2
/s) in HDPE 

differed from the measured D value (4.11E-11 cm
2
/s) by a factor of about 2. The 

combined log D (cm
2
/s) versus d (nm), log DHDPE = -6.2d – 6.22, R

2
 = 0.87, includes the 

measured D for phenanthrene (Figure 2). It should be noted that Sangam and Rowe (30) 

reported larger D values for the same HOCs, differences that are likely attributable to 

differences in HDPE crystallinity [74% in this study, 47% for Sangam and Rowe (30)] 

and uncertainties in diffusional length scale. 

 

According to Berens (36), the diffusion coefficient in glassy polymers correlates well 

with the mean diameter only for penetrant molecules of nearly spherical shape (e.g., He, 

Ne, Ar, CH4, SF6, CCl4).  Flat or disc shaped molecules [e.g., chloroform (CHCl3), 

benzene (C6H6)] tend to diffuse faster than spherical molecules of similar molar volume 

(36, 47). Branched or more complex molecules (e.g. benzene with various functional 

groups), on the other hand, diffuse more slowly in comparison to unbranched molecules 

(46). The addition of functional groups to a molecule is hypothesized to result in an 

increased potential for entanglement with the sorbent matrix.  
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A correlation between log D (cm
2
/s) measured for both spherical and non-spherical 

compounds in PVC and d (nm) without the extrapolated data (SF6 and CCl4) yielded a 

good fit as well compared to Berens correlation for spherical compounds only (Figures 

3A and Figure S16). Figure 3A shows a strong dependence of D on the molecular 

diameter d of the diffusing HOCs, and the resulting regression equation is log DPVC = -

27.0d – 1.27, R
2
 = 0.94. The predicted diffusion coefficients for bisphenol A and 

malathion in PVC are 10
-18

 cm
2
/s and 10

-20
 cm

2
/s, respectively. These predicted values 

are 5 to 6 orders of magnitude faster than the values estimated by the correlation for 

spherical molecules only (Figure S16). Using mean diameters calculated from Fisher and 

Hyperchem models, Berens (48) predicted the diffusion coefficient of bisphenol A for 

PVC to be 10
-24

 cm
2
/s at 30°C. The differences in predicted bisphenol A D values for 

PVC are mainly due to the inclusion of extrapolated data (SF6 and CCl4) that changed the 

correlation [Figure S16; (48)]. Figure 3A also shows that larger molecules such as 

bisphenol A, are predicted to diffuse in PVC at a rate that is 4-5 orders of magnitude 

slower than toluene, o-xylene, and PCE (D = 10
-13

-10
-14

 cm
2
/s). With the predicted D for 

bisphenol A (10
-18

 cm
2
/s), it would take 10 years to reach 90% of the equilibrium 

bisphenol A uptake with PVC particles of 1 µm diameter; an equilibration time not 

feasible for experiments. Moreover, PVC particles of 1 µm diameter are not 

commercially available. 
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Figure 3B also depicts a strong correlation between log D (cm
2
/s) measured for both 

spherical and non-spherical compounds in PS and d (nm). PS microspheres were used to 

extend the correlation between log D and d in a glassy polymer for larger HOCs because 

they are commercially available in 1 and 3 µm sizes (i.e., particle sizes are small enough 

to facilitate sorption equilibrium within reasonable contact times, e.g., < 180 days). The 

predicted D values for toluene, o-xylene and phenanthrene by Berens’ correlation in PS 

were 1.81E-13 cm
2
/s, 3.21E-14 cm

2
/s and 1.15E-15 cm

2
/s, respectively. Sorption uptake 

tests of toluene and o-xylene in PS microspheres yielded D values that were about 3 to 

36x slower than the predicted D values (Figure 3B). The D of phenanthrene was 

estimated from a sorption uptake curve that had not yet reached equilibrium, resulting in 

some uncertainty in the fitted D value (Figure S5C). Nevertheless, we suspect that the 

effective particle size of PS microspheres in the solution during the uptake test was larger 

than the particle size measured from SEM images, resulting in a smaller estimate of D. 

The PS microspheres were added to the ampoules or bottles in dry form and after 3 

months of tumbling, agglomerated PS microspheres suspended on the water surface were 

observed in bottles containing PS and phenanthrene. The particle size effect of the 

microspheres in “solution” needs further investigation. 

 

Using the polymer diffusion models previously described (26), the desorption half-lives 

of toluene, o-xylene and PCE in representative MSW components were calculated. Table 

S13 indicates that (de)sorption kinetics of model HOCs in biopolymers and rubbery 
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plastics such as HDPE are on the order of days compared to tens and hundreds of years in 

glassy plastics such as PVC. Larger HOCs will desorb much slower as noted earlier. 

Thus, the (de)sorption equilibrium assumption in fate and transport modeling is not 

realistic for MSW mixtures containing glassy plastics. Glassy polymers control HOC 

(de)sorption kinetics in mixed solid waste and desorption kinetics may limit the rate at 

which the biodegradation of larger HOC molecules can take place in landfills.  
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Table81. op-LFERs relating Koc to Kow 

 Log Koc  = a · log Kow + b 

 a b N
a
 R

2
 

Option 1     

Soil and sediment
b
 0.72 0.49 13 0.95 

Option 2     

MSW
c
 0.82 

(0.05) 

0.18 

(0.14) 

9 0.98 

Option 3     

Glassy or “hard” plastic (PVC)
d
 0.50 

(0.19) 

1.94 

(0.58) 

3 0.88 

Rubbery or “soft” plastic (HDPE) 1.01 

(0.10) 

-0.72 

(0.28) 

12 0.89 

Fresh office paper 1.21 

(0.10) 

-2.52 

(0.35) 

4 0.99 

Fresh newsprint 0.90 

(0.11) 

-0.87 

(0.31) 

8 0.92 

Fresh rabbit food 

(model for food and yard waste) 

1.08 

(0.12) 

-1.10 

(0.40) 

5 0.96 

 Log Kam  = a · log Kow + b 

 a b N
c
 R

2
 

Rubbery or “soft” plastic (HDPE) 1.08 

(0.09) 

-0.57 

(0.24) 

12 0.93 

aN = number of HOCs used for op-LFER development. bRef (37). cRef (1, 38). dProvides a valid 

comparison only at Ce = 200 µg/L. Values in parenthesis are standard error. 
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Table92. pp-LFERs relating Koc to Kow 

 Log Koc  = eE + sS + aA + bB + vV + c   

 e s a b v c N
a
 R

2
 

Option 1         

Soil and sediment
b
 1.10 

(0.10) 

-0.72 

(0.14) 

0.15 

(0.15) 

-1.98 

(0.14) 

2.28 

(0.14) 

0.14 

(0.10) 

75 0.98 

Option 2         

MSW
c
 -0.60 

(1.56) 

-0.62 

(1.99) 

-0.14 

(1.20) 

-1.33 

(2.85) 

3.41 

(2.21) 

0.37 

(0.91) 

9 0.84 

Option 3         

Fresh newsprint -0.26 

(0.04) 

1.20 

(0.05) 

-2.00 

(0.13) 

-4.49 

(0.11) 

3.15 

(0.07) 

-1.08 

(0.05) 

7 1.00 

         Rubbery or “soft” 

plastic (HDPE) 

0.79 

(0.52) 

-0.94 

(0.98) 

-1.49 

(2.18) 

-3.54 

(1.38) 

3.49 

(0.54) 

-0.46 

(0.37) 

12 0.99 

         
 Log Kam = eE + sS + aA + bB + vV + c   

 e s a b v c N
c
 R

2
 

Rubbery or “soft” 

plastic (HDPE) 

0.02 

(0.57) 

0.71 

(1.06) 

-3.82 

(2.35) 

-5.84 

(1.49) 

4.10 

(0.58) 

-0.74 

(0.40) 

12 0.98 

aN = number of HOCs used for pp-LFER development. bRef (15). cData obtained from ref (1, 38).  
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Table103. Predicted and measured Kp values describing toluene sorption to two MSW mixtures. 

  Predicted Toluene Kp (L/kg) Measured 

Toluene
f
 

Kp (L/kg) 

  Option 1 Option 2 Option 3 DRM  

Sorbent foc Soil/ 

Sediments 

op-LFER
a
 

Soil/ 

Sediments 

pp-LFER
b
 

MSW 

mixture 

op-LFER
c
 

MSW 

mixture 

pp-LFER
d
 

Individual 

MSW 

components 

op-LFER 

Measured
e
 

Kp of 

individual 

component 

 

Solid waste mixture 1 
75% fresh office paper 

20% fresh newsprint 

5%  HDPE water     
       container  

0.412 110.1 52.4 96.9 109.5 8.3 8.9 12.5 (0.2) 

Solid waste mixture 2 

73% office paper 

20% newsprint 
5% HDPE water  

      container  

2% PS cold cup  

0.421 112.6 53.6 99.1 111.9 40.9 35.6 32.6 (0.5); 

42.1
g
 

 

aRef (37). b Ref (15). c Ref (38). dDeveloped using data from ref(38). eBased on Kp values from Table S7. fStandard error in parentheses. gKp value calculated  
from nonlinear fit of the isotherm, K F = 86.5 (μg/kg)(L/μg)n, n = 0.864 and Ce = 200 μg/L. 

.
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Figure81. Predicted Koc values for toluene using (A) options 1 and 2 for mixed 

MSW and (B) option 3 for individual MSW components. Because of the non-linear 

nature of the PVC isotherm, the op-LFER for PVC in panel (B) provides a valid 

comparison only at Ce of 200 µg/L. The option 2 op-LFER is shown in both panels 

(A) and (B) for reference. Data for mixed MSW are from ref (38). 

Predicted Koc for Toluene 

(log Kow = 2.69) 

Option 1: 267 

Option 2: 235 

Predicted Koc for Toluene 

(log Kow = 2.69) 
 

Option 3: 
Koc-PVC = 1940 

Koc-HDPE = 98 

Koc-FRF = 65 

Koc-FNP = 29 

Koc-FOP = 6 
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Figure92. Comparison of molecular diffusivities in HDPE as a function of penetrant 

diameter. Molecular diameter was calculated from molar volume (ChemSketch) 

using the formula by Berens (36). 
 

 

 

 

 

 

 

 

  



127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 
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Figure103. Prediction and confirmation of HOC diffusivities in (A) PVC and 

(B) PS using the correlation between log D and penetrant diameter. Data 

from refs  (26) and (36) . Extrapolated data for SF6 and CCl4 in PVC and neo-

C5H12 in PS from higher temperatures [50ºC  and 70ºC were excluded (36)]. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

This study evaluated factors that control the sorption and desorption of HOCs from MSW 

and developed quantitative descriptions of sorption and desorption that are sensitive to 

waste composition. The principal conclusions of this study are listed in the following 

sections. 

 

 5.1.1 Sorption Equilibrium 

1. Partition coefficients (Kp) of toluene in plastic materials [drinking water container 

(HDPE), prescription drug bottle (PP), soda bottle (PET), disposable cold cup 

(PS), computer casing (ABS), furniture foam (PU), nylon carpet (PA,6), vinyl 

flooring (PVC), formica sheet (MF)] and model polymers (HDPE, MDPE, LDPE, 

and PVC)  are 1 to 2 orders of magnitude higher than in biopolymer composites 

such as office paper and newsprint. 

2. Among homogenous plastic materials, the order of sorption affinity for toluene is 

disposable cold cup (PS) > model PVC > computer casing (ABS) > furniture 
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foam (PU) > soda bottle (PET) ≈ prescription drug bottle (PP) > model LDPE ≈ 

model MDPE > drinking water container (HDPE) > model HDPE at p = 0.05. 

3. The Kp of toluene in semi-crystalline plastics was affected by the famorphous of the 

plastic materials while normalization by foc was not successful.  

4. HDPE and PVC are good models for rubbery and glassy plastic materials, 

respectively, to study (de)sorption of HOCs. 

5. The agreement between theoretical and measured organic carbon as well as XRD 

diffractograms of plastic products and pure polymers for the materials tested 

indicates that the behavior of homogenous plastic products in consumer waste 

should be similar to that of the corresponding pure polymer. 

6. Based on their measured Tg, the drinking water container, prescription drug bottle 

and polyurethane foam behave like rubbery polymers at room temperature while 

the soda bottle, disposable cold cup, PVC pipe, and computer casing behave like 

glassy polymers.  

7. To estimate Kp values describing toluene sorption to MSW mixtures, component 

specific op-LFERs relating Koc and Kow were superior to op-LFERs for mixed 

MSW and soils and sediments.  

8. The Kp estimate for HOC sorption to two solid waste mixtures (i.e. one with and 

one without a glassy plastic) by op-LFERs for individual MSW components was 
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consistent with experimental results. The Kp estimates for HOC sorption for the 

same solid waste mixtures by op-LFERs developed for soils and sediments (1) 

and a mixed MSW (2) were higher than the measured Kp by a factor of 3 to 9. 

9. The suitability of a distributed reactivity model to estimate HOC sorption for 

mixed MSW was confirmed. 

10. pp-LFERs for selected sorbents [fresh NP, HDPE, mixed MSW] were able to 

capture specific sorbate-sorbent interactions and identified V (McGowan 

characteristic volume) and B (basicity) terms as important sorbate molecular 

descriptors. 

 

5.1.2 (De)Sorption Kinetics 

1. A single-parameter spherical polymer diffusion model successfully described 

desorption of toluene, o-xylene and PCE from PVC and HDPE. 

2. A three-parameter, biphasic polymer diffusion model aptly described desorption 

of toluene, o-xylene and PCE from biopolymer composites (NP, OP, RF as a 

model for food and yard waste).  

3. Toluene, o-xylene and PCE desorption rates from plastics were relatively rapid 

for HDPE (D = 10
-10

 cm
2
/s), a rubbery polymer, but slower for PVC (D = 10

-13
-

10
-14

 cm
2
/s), a glassy polymer.  
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4. For biopolymer composites, a large fraction (45 to 94%) of sorbed HOCs was 

rapidly released (Dr = 10
-9

-10
-10

 cm
2
/s) while the remaining fraction desorbed 

more slowly (Ds = 10
-11

-10
-16

 cm
2
/s). 

5.  Desorption rates of HOCs are affected by both sorbate properties (e.g., molecular 

size) and sorbent-sorbate molecular interactions (e.g., dipole interaction). 

6.  Toluene desorption rates from PVC and fresh OP were one order of magnitude 

faster in acidogenic leachate than in either ultrapure water or methanogenic 

leachate. 

7. For biopolymer composites, small increases in the slowly desorbing HOC fraction 

were observed with increasing aging time.  

8. The uptake rate of toluene in rubbery plastic materials (model HDPE, drinking 

water container, and prescription drug bottle) was similar (D = 10
-10

 cm
2
/s).  

9. For glassy plastics (model PVC, soda bottle, computer casing and disposable cold 

cup), the diffusivity of toluene was also similar (D = 10
-12

 cm
2
/s) but two orders 

of magnitude smaller for the rubbery plastics. 

10. The correlation relating D to molecular size was weaker in for rubbery plastics 

than for glassy plastics. 
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11. Plastic materials discarded in landfills are potential sinks of HOCs because of 

their higher affinity for HOCs compared to other solid waste components and the 

slow desorption of HOCs from glassy plastics. 

 

5.2 Recommendations 

 

5.2.1 Effect of Temperature 

This study was conducted at room temperature (21 to 22°C). However, temperatures in 

landfills are normally higher than ambient temperatures due to the heat produced by the 

biological degradation of solid waste and the relatively low heat loss because of the 

insulating properties of the waste, cover materials, and subsoil. The temperature of 

excavated waste in a New Jersey landfill varied from 22.2°C for a sample at a depth 3.1 

m to 68.3°C for a sample at a depth of 27.4 m. The temperatures increased approximately 

1°C m
-1

 depth (3). Schwarzbauer and co-workers (4) characterized undisturbed layers of 

a 25-year-old waste deposit landfill in Germany and observed rapidly increasing values 

of cyclic dipeptides and alkylated pyrazines in the seepage water (i.e. “pore” water of 

cored waste samples) of the lower waste layers between 45 and 65 m. The presence of 

cyclic dipeptides and alkylated pyrazines was attributed to non-enzymatic reactions of 

carbohydrates and amino acids at elevated temperatures, 60-70°C (e.g. Maillard reaction).  
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Desorption is a temperature-dependent process.  Several investigators (5-7) have shown 

that for polymers, the temperature-dependence of the diffusion coefficients can be 

represented by an Arrhenius-type relationship. For glassy plastics (PVC, polystyrene), 

Berens (5) reported that the activation energy for diffusion ranged from 39-86 kJ/mol for 

diffusion coefficients obtained at 30, 50 and 70°C for eleven different organic vapors 

including benzene, n-hexane and acetone. The activation energy was generally found to 

increase with increasing penetrant size. Similarly, the activation energy for HOC 

diffusion in HDPE geomembranes was observed to increase with increasing size of 

alkanes (6).  Based on diffusion data measured at temperatures of 25, 50 and 75°C, the 

activation energy for HOC diffusion through HDPE geomembranes ranged from 25-51 

kJ/mol. Moreover, glassy plastics when heated above their Tg would behave like rubbery 

polymers. The measured Tg of soda bottle (PET) and PVC pipe were 79°C and 83°C, 

respectively.  The literature Tg values for nylon are 40°C and 50°C (8). A study on the 

effects of temperature on desorption of HOCs from glassy plastics and solid waste 

mixture containing glassy plastics would facilitate the simulation of HOC desorption in 

landfills, that are closer to field conditions.  

 

5.2.2 pp-LFERs for individual MSW Components 

The existing chemical database that was used to develop op-LFERs relating Koc and Kow 

for individual MSW components should be expanded to include HOCs with potential 
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polarity/polarizability and H-bonding interactions. Abraham’s group has a database (9, 

10) that could be used to screen potential sorbates. Development of pp-LFERs for 

individual MSW components will improve prediction of Kp for emerging contaminants 

and other multifunctional contaminants capable of specific interactions. 
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Appendix A: Supporting Information for Chapter 2 

Factors Controlling Desorption of Alkylbenzene and Tetrachloroethene from MSW 

Components 
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3
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 and Morton A. Barlaz
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This supporting information contains a figure depicting the desorption test apparatus, a 

description of polymer diffusion models and sorbent extraction methods; and tables 

listing model input data, leachate characteristics, D/a
2
 data for biopolymer composites, 

effects of aging and leachate composition, mass balance analysis, and waste composition 

and particle size sensitivity analysis for model HOCs desorption  in the 1960 and 2005 

landfill scenarios.  
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Figure S1. Desorption test apparatus. 
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Polymer Diffusion Models 

 

One-compartment polymer diffusion model  

 In the one-compartment polymer diffusion model, it was assumed that the HOC 

desorption rate is limited by diffusion through a single polymer phase and each sorbent 

particle is a homogeneous polymeric sphere. In radial coordinates, Fick's second law of 

diffusion yields equation (1): 

                                    )( 2

2 t

q
r

rr

D

t

q













                                          (1) 

where D  is the diffusion coefficient (L
2
T

-1
), q  is the solid phase concentration (sorbed 

HOC mass/sorbent mass), r  is the radial position in the sorbent particle (L), and t  is time 

(T).  

To solve the differential equation, two dimensionless variables were introduced: 

2a

Dt
T    and   

a

r
R              (2) 

where a  is the solid radius. 

 

Therefore, the governing equation was transformed to: 

)(
1 2

2 R

q
R

RRT

q













          (3) 

Initial and boundary conditions specific to the experimental method are required to solve 

equation (3).  For the initial condition, it was assumed that equilibrium was attained 
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during the aging period and the solid phase concentration )( 0q was uniform throughout 

the sorbent prior to initiation of desorption tests, i.e.,  

                                       0qq   at 0T  and from 0 1 R                    (4) 

 

The first boundary condition requires that symmetry is maintained at the particle center, 

at all times, i.e., 

                                      0




R

q
       at 0R  and 0T                             (5) 

 

The second boundary condition specifies the solid-phase concentration at the external 

solid particle surface. Since samples were sparged continuously during the desorption 

test, the aqueous-phase HOC concentration was negligible (i.e. an infinite sink was 

approximated). Assuming instantaneous equilibrium between the solid- and aqueous-

phase concentrations at the external particle surface, the solid-phase concentration at the 

external particle boundary was therefore also zero, i.e. 

                                     0q     at 1R  (6) 

A Crank-Nicholson finite difference algorithm was developed to solve the one-

compartment polymer diffusion model. The Newton-Raphson optimization routine was 

used to determine the diffusion coefficient D  such that the mean square error between 

the model output and experimental data was minimized. 
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Biphasic Polymer Diffusion Model 

In the biphasic polymer diffusion model, it is assumed that the sorbent particle contains 

fast-desorbing compartment and slow-desorbing compartments. HOC desorption from 

each compartment is described by separate diffusion coefficients. By applying Fick's 

second law, a system of two differential equations results: 
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                   (6) 

where rD  is the diffusion coefficient describing HOC diffusion in the rapid-desorbing 

compartment, sD  is the diffusion coefficient describing HOC diffusion in the slow-

desorbing compartment, and sq and rq  correspond to the intraparticle solute 

concentrations in the slow- and rapid-desorbing compartments at time t , respectively. 

 

Similar to the one-compartment model, the governing equations were transformed by 

introducing the non-dimensional variables T1, T2, and R as follows: 
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where 
21

a

tD
T r , 

22
a

tD
T s , and 

a

r
R    .        (8) 
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The corresponding initial conditions are:  

                0qq rr   and 0qq ss    at 021  TT  and 0 ≤ R ≤ 1       (9) 

where 0q  is the initial solid-phase sorbate concentration, s  is the slowly desorbing 

sorbate mass fraction, and )1( sr  is the rapidly desorbing sorbate mass fraction.  

 

The boundary conditions at the center of the sorbent particle are:  

                             0









r

q

r

q sr   at 0R ,  ,01 T  and 02 T                           (10) 

 

The boundary conditions at the external solid particle surface are:   

   0 sr qq    at 1R , T1 > 0 and T2 > 0         (11) 

The coupled system of differential equations was solved using a Crank-Nicholson finite 

difference algorithm, and the values of rD , sD  and r  were obtained with a modified 

Levenberg-Marquardt nonlinear optimization technique (IMSL C numerical libraries, 

Visual Numericals, Inc., Houston, TX). 
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Mass balances 

At the completion of desorption tests, solvent extraction (benzyl alcohol for toluene and 

o-xylene; methylene chloride for PCE), base extraction (0.1 N NaOH) and combustion 

were conducted to determine the remaining solid-phase 
14

C concentration. Solid samples 

were transferred to 30-mL PTFE bottles, to which 15 mL of solvent was added. After 5 

days of agitation on a shake table, bottles were centrifuged at 3500 rpm for 15 min and a 

0.5-mL subsample of solvent was removed and mixed with 6 mL LSC to quantify 

extracted 
14

C. The remaining supernatant volume was measured and discarded. Solvent 

extractions were repeated until < 0.05% of initially added 
14

C was detected in the solvent. 

Solid samples that contained PCE were air dried overnight in a fumehood for complete 

removal of methylene chloride. The base extraction procedure was similar to that of 

solvent extraction except that the extractions were done under N2 to prevent hydrolysis 

and oxidation of humic acids.  Moreover, 0.1N NaOH was sparged with N2 gas to remove 

dissolved O2. Base extractions were repeated until < 0.05% of initially added 
14

C was 

detected in the liquid phase. Following the base extraction, the solid samples were rinsed 

with DI water and oven dried overnight at 100°C in preparation for combustion at 900°C 

using a biological oxidizer, courtesy of the National Institute for Environmental Health 

Science (NIEHS) in Research Triangle Park, NC. The gaseous combustion products were 

trapped in NaOH that was analyzed by scintillation counting to quantify 
14

C associated 

with the humin fraction.  
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Table S1. Properties of Model MSW Components (Synthetic Polymers) 

Material Particle 

Density 

(g/cm
3
) 

Mean 

Particle 

Diameter 

(µm) 

Isotherm Parameters 

Toluene
a
 o-Xylene

a
 PCE

b
 

DI Water 

  

Methanogenic 

Leachate 

Acidogenic 

Leachate  

DI Water DI Water 

K n
c
 K n

c
 K n

c
 K n

c
 K n

c
 

HDPE 0.962 500 70.7
d
 1.0 72.4 1.0 76.1 1.0 244.1 1.0 385 1.0 

PVC 1.4 140 1663
e
 0.864 1309 0.873 483 1.043 4634 0.718 2951 0.918 

aValues from ref.(1); bValues from ref (2); cDimensionless Freundlich exponent; dKp for HDPE, units are (μg/kg)(L/μg); eKF for PVC, 

units are (μg/kg)(L/μg)n. 
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Table S2. Properties of Model MSW Components (Biopolymer Composites) 

Material Cellulose
a
 

(%) 

Hemi-

cellulose
a
 

(%) 

Lignin
a
 

(%) 

foc
a
 Particle 

Density 

(g cm
-3

) 

Mean 

Particle 

Diameter 

(µm) 

Partition Coefficients (Kp)
c
 

Toluene
a
 o-Xylene

a
 PCE

b
 

DI 

Water 

Methanogenic 

Leachate 

Acidogenic 

Leachate 

DI Water 

DI 

Water 

Fresh NP 48.3 18.1 22.1 0.451 1.32 298 13.0 13.3 13.4 31.1 35.6 

Degraded NP 35.1 16.0 32.3 0.455 1.81 213 25.8 22.8 20.5 52.7 59.3 

Fresh OP 64.7 13.0 0.93 0.373 1.44 278 2.7 2.4 2.0 5.7 11.5 

Degraded OP 36.2 6.9 4.8 0.278 2.13 210 23.4 20.8 19.9 44.4 78.3 

Degraded RF  7.1 5.7 25.2 0.329 1.78 289 27.3 24.5 31.7 79.3 90.9 

aValues from ref.(1); bValues from ref.(2); cKp units are (μg/kg)(L/μg). 
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Table S3. Leachate Characteristics 

Leachate pH COD (mg/L)
a
 DOC (mg/L)

b
 

Acidogenic 5.2 20,800 6,470 

Methanogenic 7.1 1,360 250 

aChemical oxygen demand. bDissolved organic carbon. 
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Table S4. D/a
2
 values describing desorption kinetics of various sorbates from 

biopolymer composites after 6 months in ultrapure water. 

aValues in parentheses represent one standard deviation. 

Sorbent 

Toluene o-Xylene PCE 

Dr/a²  

(d
-1

) 

Ds/a²  

(d
-1

) 

Dr/a²  

(d
-1

) 

Ds/a²  

(d
-1

) 

Dr/a²  

(d
-1

) 

Ds/a²  

(d
-1

) 

Fresh NP 

1.66 9.32E-03 1.88 7.71E-04 1.79 3.03E-04 

(±0.77) (±2.55E-03) (±0.07) (±7.98E-05) (±0.83) (±2.78E-04) 

Degraded NP 

2.28 5.26E-03 1.28 6.06E-05 2.26 4.08E-03 

(±1.49) (±1.48E-03) (±0.32) (±4.36E-05) (±1.54) (±6.74E-03) 

Fresh OP  

1.14 1.05E-02 0.55 1.34E-03 0.06 2.18E-07 

±0.46 (±2.29E-03) (±0.34) (±2.12E-04) (±0.02) (±0.00) 

Degraded OP  
1.81 1.84E-02 0.45 1.71E-03 1.04 9.36E-03 

(±0.42) (±6.03E-04) (±0.17) (±6.38E-04) (±0.35) (±1.72E-03) 

Degraded RF  
3.47 1.48E-04 2.18 1.02E-04 1.01 2.18E-07 

(±0.19) (±0.00) (±0.16) (±0.00) (±0.10) (±0.00) 
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Table S5. Solubility parameters for HDPE and PVC 

  Solubility Parameters  (MPa)
0.5

 

 

Hildebrand
a,b

  Hansen
c
 

 
δ  δ δd δp δh 

HDPE 15.8 - 17.1  18.1 18.0 0.0 2.0 

PVC 16.0 - 22.5  19.4 - 21.5 17.4 - 18.7 6.6 - 10.3 3.1 - 8.0 

aValues from ref (3, 4). bValues from ref (5). 
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Table S6. Effects of aging time on diffusion coefficient estimates obtained from one-

compartment polymer diffusion model.  Experiments were conducted in ultrapure water. 

Aging 

Time 

HDPE PVC 

Toluene o-Xylene PCE Toluene o-Xylene 

D (cm²/s) D (cm²/s) D (cm²/s) D (cm²/s) D (cm²/s) 

1 week 3.89E-10v 1.88E-10v 9.63E-11v 3.48E-13v 4.96E-13v 

 (± 8.99E-11) (± 5.55E-11) (± 3.05E-12) (±3.45E-14) (± 2.25E-13) 

1 month 5.41E-10v   3.09E-13v  

 (± 6.07E-11)   (±1.03E-13)  

6 months 3.13E-10v 2.20E-10v 1.42E-10w 4.33E-13v 4.22E-14w 

 (± 1.27E-11) (± 2.70E-11) (± 1.42E-11) (± 2.56E-14) (± 2.17E-14) 

9 months 4.94E-10v   4.94E-13v  

 (± 2.19E-11)   (±3.8634E-14)  

aValues in parentheses represent one standard deviation. bThe different superscripts indicate significant 

difference (p = 0.05) based on comparisons of the same sorbate.    
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Table S7. Effects of aging time, sorbent decomposition, and sorbate characteristics 

on Φr and Φs estimates. Experiments conducted in ultrapure water. 

Sorbent Aging 

Time 

(d) 

Toluene
a
 o-Xylene

a
 PCE

a
 

  
Φr Φs Φr Φs Φr Φs 

Fresh NP 

7   0.83 0.17 0.91 0.09 

   (±0.03) (±0.03) (±0.08) (±0.08) 

30 0.99 0.01     

 (±0.02)a (±0.02)     

180 0.94 0.06 0.69 0.31 0.75 0.25 

  (±0.02)b (±0.02) (±0.05) (±0.05) (±0.04) (±0.04) 

 

Degraded 

NP 

 

7     0.76 0.24 0.86 0.14 

   (±0.05) (±0.05) (±0.06) (±0.06) 

30 0.86 0.14     

 (±0.04) (±0.04)     

180 0.83 0.17  0.69 0.31 0.79 0.21 

  (±0.01) (±0.01) (±0.01) (±0.01) (±0.04) (±0.04) 

Fresh OP 

 

7   0.65 0.35 0.95 0.05 x 

   (±0.05) (±0.05) (±0.08) (±0.08) 

30 0.85 0.15     

 (±0.03) (±0.03)     

180 0.73 0.27 0.50 0.50 0.61 0.39 y 

  (±0.01) (±0.01) (±0.03) (±0.03) (±0.02) (±0.02) 

Degraded 

OP 

 

7     0.67 0.33 x 0.56 0.44 

   (±0.05) (±0.05)   

30 0.66 0.34 x     

 (±0.02) (±0.02)     

180 0.55 0.45y 0.47 0.53 y 0.45 0.55 

  (±0.01) (±0.01) (±0.06) (±0.06) (±0.03) (±0.03) 

Degraded 

RF 

 

7     0.75 0.25     

   (±0.00) (±0.00)   

30 0.84 0.16     

 (±0.02) (±0.02)     

180 0.81 0.19 0.71 0.29 0.90 0.10 

  (±0.02) (±0.02) (±0.03) (±0.03) (±0.03) (±0.03) 
aValues in parentheses represent one standard deviation. bThe different superscripts indicate significant 

difference (p = 0.05) based on comparisons of the same sorbent and sorbate.   
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Table S8. Mass balance summary of PCE desorption from various MSW components. 

Aging Desorbed Solvent 

Extractable 

Base 

Extractable 

Combustion Total 

Recovery 

180 d % % % % % 

      

Fresh NP 88.8 1.2 0.0 0.1 90.1 

 (± 2.2)a (± 0) (± 0) (± 0) (± 2.2) 

Degraded NP 90.1 3.1 0.0 0.2 93.4 

 (± 3.2) (± 1.5) (± 0.0) (± 0.2) (± 3.9) 

Fresh OP 92.0 2.4 0.0 0.1 94.6 

 (± 0.9) (± 0.5) (± 0) (± 0.1) (± 0.7) 

Degraded OP 86.1 5.9 0.0 0.2 92.2 

 (± 1.2) (± 1.5) (± 0) (± 0.1) (± 2.4) 

Degraded RF 89.7 0.6 0.0 0.3 90.6 

 (± 2.4) (± 0.2) (± 0.0) (± 0.1) (± 2.6) 

HDPE 86.3 8.9 0.1 0.1 95.2 

 (± 1.9) (± 0.4) (± 0.1) (± 0.0) (± 2.2) 

PVC 7.4 93.2 0.0  100.6 

 (± 0.3) (± 1.4) (± 0)  (± 1.3) 

7 d      

      

Fresh NP 94.7 0.8 0.0 0.0 95.6 

 (± 3.8) (± 0.2) (± 0) (± 0) (± 4.1) 

Degraded NP 93.9 0.4 0.0 0.0 94.4 

 (± 3.5) (± 0.1) (± 0) (± 0) (± 3.4) 

Fresh OP 95.3 0.8 0.0 0.0 96.2 

 (± 1.4) (± 0.2) (± 0) (± 0) (± 1.6) 

Degraded OP 91.9b 1.1 0.0 0.0 93.0 
aValues in parentheses represent one standard deviation. bReplicate ampoules were damaged during  

desorption test. 
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Table S9. Effects of aqueous phase composition on toluene desorption rate parameter estimates of biopolymer composites 

obtained from two-compartment polymer diffusion model. Aging time was 6 months. 

Sorbent Aqueous Phase Φr Φs Dr  (cm²/s) Ds (cm²/s) 

Fresh NP Ultrapure water 0.94 (±0.02) 0.06 (±0.02) 4.27E-09 (± 1.97E-09) 2.40E-11 (± 6.55E-12) 

 Acidogenic Leachate 0.92 (±0.03) 0.08 (±0.03) 5.51E-09 (± 2.86E-09) 2.36E-12 (± 7.69E-13) 

 Methanogenic Leachate 0.86 (±0.05) 0.14 (±0.05) 3.70E-09 (± 2.06E-10) 1.47E-13 (± 2.45E-15) 

Degraded NP Ultrapure water 0.83 (±0.01) 0.17 (±0.01) 2.99E-09 (± 1.96E-09) 6.91E-12 (± 1.94E-12) 

 Acidogenic Leachate 0.87 (±0.03) 0.13 (±0.03) 1.30E-09 (± 2.61E-10) 1.25E-11 (± 8.98E-12) 

 Methanogenic Leachate 0.85 (±0.03) 0.15 (±0.03) 1.90E-09 (± 4.68E-10) 1.24E-11 (± 2.04E-11) 

Fresh OP Ultrapure water 0.73 (±0.01)
a
 0.27 (±0.01) 2.54E-09 (± 1.03E-09) 2.36E-11

 x
 (± 5.12E-12) 

 Acidogenic Leachate 0.76 (±0.16) 0.24 (±0.16) 1.01E-09 (± 6.15E-11) 1.37E-10
 y
 (± 3.46E-11) 

 Methanogenic Leachate 0.71 (±0.01) 0.29 (±0.01) 3.35E-09 (± 8.98E-10) 2.53E-11
 x 

(± 1.06E-11) 

Degraded OP Ultrapure water 0.55 (±0.01) 0.45 (±0.01) 2.31E-09 (± 5.39E-10) 2.34E-11 (± 7.69E-13) 

 Acidogenic Leachate 0.63 (±0.01) 0.37 (±0.01) 1.48E-09 (± 2.56E-10) 6.14E-09 (± 2.33E-12) 

 Methanogenic Leachate 0.57 (±0.02) 0.43 (±0.02) 2.85E-09 (± 1.07E-09) 2.32E-11 (± 1.24E-11) 

Degraded RF Ultrapure water 0.81 (±0.02) 0.19 (±0.02) 8.39E-09 (± 4.53E-10) 3.57E-13 (± 1.81E-14) 

 Acidogenic Leachate 0.84 (±0.02) 0.16 (±0.02) 6.03E-09 (± 2.31E-09) 2.87E-13 (± 2.85E-13) 

 Methanogenic Leachate 0.84 (±0.01) 0.16 (±0.01) 1.08E-08 (± 1.97E-09) 3.82E-13 (± 7.12E-15) 

aValues in parentheses represent one standard deviation. bThe different superscripts indicate significant difference (p = 0.05) based on comparisons of the same 

aqueous phase. 
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Table S10. Effects of synthetic polymer type and aqueous phase composition on toluene 

diffusion coefficient estimates obtained from one-compartment polymer diffusion model. 

Aging Aqueous Phase 

HDPE PVC 

D (cm²/s) D (cm²/s) 

6 months 

DI 3.13E-10
 x
 4.33E-13

 x
 

 (± 1.27E-11) (± 2.56E-14) 

Acidogenic Leachate 4.01E-10
 x
 1.56E-12

 y
 

 (± 6.75E-11) (± 2.45E-13) 

Methanogenic Leachate 5.11E-10
 x
 3.77E-13

 x
 

 (± 7.45 E-11) (± 3.80E-14) 

aValues in parentheses represent one standard deviation. bThe different superscripts indicate significant 

difference (p = 0.05) based on comparisons of the same sorbent and sorbate and varying aqueous phase. 
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Table S11. 
14

C recovery after desorption tests and benzyl alcohol extraction of sorbents 

Sorbate Solvent Sorbent Aging Time 
14

C Recovery (%)  

Toluene Ultrapure Water HDPE 7 days 103.8 (±3.5) 

Toluene Ultrapure Water HDPE 9 months 99.7 (±1.6) 

Toluene Ultrapure Water PVC 7 days 100.6 (±1.9) 

Toluene Ultrapure Water PVC 9 months 100.1 (±2.4) 

Toluene Ultrapure Water FNP 7 days 97.8 (±1.9) 

Toluene Ultrapure Water FNP 9 months 94.0 (±0.4) 

Toluene Ultrapure Water DNP 7 days 95.7 (±1.2) 

Toluene Ultrapure Water DNP 9 months 93.2 (±0.7) 

Toluene Ultrapure Water FOP 1 month 96.9 (±2.0) 

Toluene Ultrapure Water FOP 6 months 93.4 (±0.4) 

Toluene Ultrapure Water DOP 1 month 92.4 (±0.8) 

Toluene Ultrapure Water DOP 6 months 91.8 (±0.6) 

Toluene Acidogenic Leachate FNP 7 days 98.3 (±0.9) 

Toluene Acidogenic Leachate FNP 6 months 94.6 (±1.7) 

Toluene Acidogenic Leachate DNP 7 days 93.5 (±0.1) 

Toluene Acidogenic Leachate DNP 6 months 91.9 (±1.2) 

Toluene Acidogenic Leachate DRF 7 days 96.7 (±0.5) 

Toluene Acidogenic Leachate DRF 6 months 93.4 (±0.3) 

Toluene Methanogenic Leachate FOP 7 days 97.4 (±0.2) 

Toluene Methanogenic Leachate FOP 6 months 92.7 (±1.6) 

Toluene Methanogenic Leachate DOP 7 days 92.9 (±1.7) 

Toluene Methanogenic Leachate DOP 6 months 91.9 (±0.8) 

o-Xylene Ultrapure Water HDPE 7 days 100.9 ±(3.6) 

o-Xylene Ultrapure Water HDPE 6 months 101.3 ±(1.8) 

o-Xylene Ultrapure Water PVC 7 days 95.1 (±2.9) 

o-Xylene Ultrapure Water PVC 6 months 98.5 (±0.6) 

o-Xylene Ultrapure Water DRF 7 days 94.8 (±0.8) 

o-Xylene Ulrapure Water DRF 6 months 92.1 (±1.5) 
aValues in parentheses represent one standard deviation. 



156 

 

Assumptions and calculation procedures for estimating HOCs desorption rates from 

mixed MSW: 

 

For the old landfill scenario, the mass distribution of waste categories was based on 

material discarded in 1960. For the new landfill scenario, the mass distribution of waste 

categories was based on material discarded in 2005 after taking recycling into account 

(6). Table S11 summarizes the sorbent organic matter compositions of mixed MSW in 

1960 and 2005. Plastic wastes were classified as rubbery and glassy based on their glass 

transition temperatures (Tg). Since the solubility parameters of  polystyrene (δ = 8.5-10.6 

cal 
1/2

cm
-3/2

) and polyethylene terephthalate (δ = 9.3-10.8 cal 
1/2

cm
-3/2

) are similar to that 

of PVC (δ = 8.5-11.0 cal 
1/2

cm
-3/2

), and that of polypropylene (δ = 7.9 cal 
1/2

cm
-3/2

) is 

similar to HDPE (δ = 7.7-8.2 cal 
1/2

cm
-3/2

), the KF value of PVC was used for glassy 

plastics and the Kp value of HDPE was used for rubbery plastics (1, 3). Half of the 

corrugated boxes and magazine waste was assigned to the newsprint category and the 

other half to the office paper category because the lignin contents of these wastes fall 

between those of newsprint and office paper (7). The mass percentage for each waste 

category was calculated by dividing the mass of each waste category by the amount of 

total discarded waste. The fraction of sorbed HOC in hypothetical MSW listed in Table 

S11 represents the HOC percentage associated with each sorbent organic matter category 

and was calculated as: Ki*Mi/( Ki*Mi), where Ki is sorption capacity parameter for each 

waste category (Kp or KF), and Mi is the mass percentage of each waste category.  
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The particle diameter for each MSW component was based on the thickness of 

representative materials for each waste category. For example, the thickness of newsprint 

is 0.09 mm per sheet and the average number of sheets for each section is about 3. 

Therefore, 0.27 mm was used as the diameter of newsprint assuming that the same 

section of newspaper is likely disposed of together. Drinking water, milk and orange 

juice bottles are typical HDPE containers, and the average thickness of these containers is 

1.85 mm. Another large source of HDPE waste is plastic bags with a thickness of 0.02 

mm. According to US EPA (2005), the amount of HPDE container waste buried in 

landfills is about 8,483 thousand tons, and the amount of plastics bags is 5010 thousand 

tons. Therefore, the mass ratio of container waste to bag waste is about 1.7:1. HOC 

desorption curves were obtained separately for HDPE container and bag wastes, and the 

overall HOC desorption curve for HDPE was obtained by summing up the two curves 

with appropriate mass weighting factors. Similar calculation procedures were completed 

for the food and yard waste category and for other waste categories that have components 

of different thickness. Assuming an infinite dilution scenario (i.e., a constant zero 

concentration at the external particle surface), desorption curves for the model HOCs 

were predicted for each waste category, and the individual desorption curves were 

summed to obtain an overall desorption curve for the MSW mixture based on the 

weighting factors for each waste category. To determine the model sensitivity to particle 

size, HOC desorption curves for the old and new MSW mixtures were obtained by 

varying the particle size of individual waste categories by a factor of 2. 
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Table S12. Composition of sorbent organic matter in discarded municipal solid waste 

 

 

 

    Thickness Discards  Group Mass 

% 

Fraction of Sorbed HOC in                                

Hypothetical MSW (%) 

Waste Category mm (tons * 10
3
)
a, b

 Toluene o-Xylene PCE 

      1960 2005 1960 2005 1960 2005 1960 2005 1960 2005 

Total 

Newsprint 

Newsprint 

0.27             

(3 sheets) 
10,388 

1,340 

18.1 17.2 15.8 3.7 12.6 2.7 12.0 3.7 

Telephone Books 540 

Corrugated Boxes & Magazinesc 5,190 

Folding Cartons 4,380 

Tissue Paper and Towelsd 3,087 

Other Paperc 2,965 

Total Office 

Paper 

Office paper 

0.318         

(3 sheets) 
14,522 

2,460 

25.3 24.0 20.0 4.7 14.9 3.2 22.2 6.8 

Books and Standard Mails 4,600 

Commercial Printing 6,580 

Corrugated Boxes+Magazines 5,190 

Paper Plates, Milk Cartons, Bags 2,330 

Tissue Paper and Towelsd 343 

Other Paperc 2,965 

Glassy Plastics 

PVC 

0.4 113 

1,239 

0.2 5.4 11.1 74.9 12.1 75.0 6.5 58.0 Polystyrene(PS) 2,209 

Polyethylene(PET) 2,090 
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Table S12. Continued 

aFrom EPA (2005); b % breakdown of plastics into glassy and rubbery polymers and paper into newsprint and office paper are the same for 1960 and 2005. % breakdown of paper 
into newsprint and office paper are the same for 1960 and 2005. c50% newsprint & 50% office paper; d90% newsprint & 10% office paper.

    Thickness Discards  Group Mass 

% 

Fraction of Sorbed HOC in                                

Hypothetical MSW (%) 

Waste Category mm (tons * 10
3
)
a, b

 Toluene o-Xylene PCE 

      1960 2005 1960 2005 1960 2005 1960 2005 1960 2005 

Rubbery 

Plastics 

HDPE 
1.85 

(container) 277 

2,983 

0.3 13.3 0.5 7.8 1.6 9.6 2.1 18.4 LDPE/LLDPE 3,208 

Polypropylene (PP) 2,292 

Plasticized Films 0.02 (film) 5,010 

Food + yard 

wastes 

Food scraps 5 12,200 28,540 
56.0 40.0 51.9 9.0 58.8 9.4 57.2 13.1 

Yard waste 0.5 20,000 12,210 
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Table S13. Effect of MSW composition and thickness on HOCs desorption in landfills 

  Half-Life % Sorbed HOC Left after 

100 yrs 

 1960 2005 1960 2005 

Toluene  

Original Thickness < 0.1 d 132 d ~0 ~0 

2x Original Thickness 0.75 d 1.6 yr 3.1 1.1 

2x Glassy Thickness < 0.1 d 1.43 yr ~0 ~0 

o-Xylene     

Original Thickness 2.6 d 4.40 yr 4.6 3.1 

2x Original Thickness 8.2 d 17.60 yr 9.0 22.1 

2x Glassy Thickness 2.6 d 16.70 yr 7.6 21.8 

PCE     

Original Thickness 0.4 d 2.11 yr 6.4 12.4 

2x Original Thickness 2.4 d 8.24 yr 8.8 30.7 

2x Glassy Thickness 0.4 d 8.22 yr 8.5 30.7 
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Appendix B: Supporting Information for Chapter 3 

Impact of Plastics in Fate and Transport of Organic Contaminants in Landfills 

 

 

 

This supporting information contains tables showing the monomer structures of 

representative plastic materials in municipal solid wastes and Hansen solubility 

parameters of selected plastics; several figures showing the XRD profiles of homogenous 

plastic materials (HDPE, MDPE, LDPE, PVC, drinking water container, prescription 

bottle, disposable cold cup, soda bottle, and computer casing), representative DSC 

thermograms (HDPE, drinking water container, PVC, PVC pipe), representative SEM 

micrographs and toluene sorption uptake data with model fits of homogenous plastic 

materials.
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Table S1. Chemical structure of representative plastics in solid wastes 

 
Main Structure

a
 

 
Monomer 

 

Pure Polymers 

 
HDPE PE 

 

MDPE PE 

LDPE PE 

PVC  PVC 

 

Homogenous Materials 

 
Drinking 

Water 

Container 

PE 

 

Prescription 

Drug Bottle 
PP 

 

  

Soda Bottle PET 

CHCH

CC

CHCH

CC

O

O CH2

CH2  

O

O

 

n

 

Computer 
Casing 

ABS (C8H8· C4H6·C3H3N)n 

PVC Pipe PVC 

 

Disposable 

Cold Cup 
PS 

 

aValues from (1, 2).   

CH2 CH2  

n

CH

CH3

 CH2 

n

CH2 CH

Cl

  

n

CH2 CH2  

n

CH2 CH

Cl

  

n

CH2 CH  

C

CHCH

CHCH

CH

n
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Table S1. Continued 

 

Main Structure 

 

Monomer 

 

Homogenous  Materials 

 

Furniture 

Foam 
PU 

 

Composite Materials 

 

Nylon 

Carpet 

PA,6 

 

Vinyl Tiles PVC 

 

Formica 

Sheets 

 MF                         (C17H25N18O4)n 

aValues from (1, 2).  

 

 

 

O

N

H

H

H

H H

H H

H H

H

H

CH2 CH

Cl

  

n

O

NH

ONH

O

CH3

O
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Table S2. Solubility parameters for toluene, bisphenol A, and plastics. 

 
Solubility Parameters  (MPa)

0.5
 

 
Hildebrand

a,b
  Hansen

c
 

 
δ  δ δd δp δh 

Sorbate 
 

 
    

Toluene 18.0  18.2 18.0 1.4 2.0 

PCE 18.3  19.2 18.3 5.7 0 

Bisphenol A 
 

 24.4 19.2 5.9 13.8 

Sorbent 
 

 
    

HDPE 15.8 - 17.1  18.1 18.0 0.0 2.0 

PP 17.5 - 19.2  18.0 18.0 0.0 1.0 

PET 21.8  21.5 - 22.1 19.1 - 19.4 3.5 - 6.3 8.6 - 9.1 

ABS 
 

 18.0 - 20.6 16.3 - 17.6 2.7 - 8.6 6.4 - 7.1 

PVC 16.0 - 22.5  19.4 - 21.5 17.4 - 18.7 6.6 - 10.3 3.1 - 8.0 

PS 17.4 - 21.7  19.3 - 23.4 18.5 - 22.3 4.5 - 10.5 2.9-7.5 

PU 21.1 – 22.9  21.2 – 24.9 16.0 - 20.6 7.4 – 13.1 6 – 11.6 

aValues from ref (3, 4). bValues from ref (5). 
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Figure S1. X-ray diffraction (XRD) profiles of PE plastics validating (A) HDPE 

constituent of water jug, and (A - C) differences in crystallinity among HDPE, 

MDPE, LDPE and drinking water container plastics. 

B 

C 

A 
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Figure S2. XRD profiles of representative plastics in solid wastes. 
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Figure S3. Representative DSC thermograms comparing the % crystallinity of 

model HDPE and drinking water container.   
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Figure S4. Representative DSC thermograms comparing the Tg of model PVC 

and PVC pipe. The Tg of PVC materials was determined after the first cycle to 

eliminate thermal history.  
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A 

Figure S5. Scanning electron microscopy (SEM) micrographs of (A) model 

HDPE, (B) drinking water container, (C) prescription drug bottle, (D) 

disposable cold cup, (E) computer casing, and (F) PVC materials used in 

toluene sorption uptake tests. 

A 

C D 

E F 

B 
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Figure S6. Toluene sorption uptake in plastic materials and model polymers.  
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Figure S6. Continued  
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Appendix C: Supporting Information for Chapter 4 

Estimating Sorption Equilibrium and Kinetic Parameters for Organic 

Contaminants in Landfills  

 

 

 

This supporting information contains tables providing sorption isotherm parameters for 

phenanthrene, DEF and malathion for selected MSW components, list of chemicals 

included in op-LFERs, molecular descriptors for pp-LFERs, molecular structure, 

diameter and diffusion coefficients in HDPE and PS of chemicals used in the study, 

sorption parameters of toluene for 2 tested solid waste mixtures,  sensitivity analyses of 

sorbate molecular descriptors for Koc, predicted Kp of toluene for  solid wastes mixtures 

representing old and modern landfill scenarios, and desorption half-lives of toluene, o-

xylene and PCE in typical MSW components; figures showing isotherm data for tested 

chemicals, data for op-LFER of fresh NP, fresh OP, fresh RF, PVC and HDPE, sorption 

uptake rates of tested chemicals in HDPE and PS, isotherm data for the 2 tested solid 

waste mixtures, op-LFER for mixed MSW, pp-LFER fittings for mixed MSW, fresh NP 

ad HDPE, and distribution of sorbed toluene among MSW components in old and 

modern landfill scenarios; description of sorption isotherm and kinetic experiments.  
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Table S1.  Isotherm parameters describing phenanthrene and malathion sorption to MSW components. 

Sorbate Sorbent N
a
 Co

b
 Ce

c
 Kp

d
 R

2
 Koc

e
 

Phenanthrene        

 HDPE 16 24 - 1192 9 - 762 11205.3 (252.1) 0.992 12,791 

  Fresh newsprint 15 24 - 1192 12 - 979 1036.2 (24.2) 0.992 2297.6 

 Fresh office paper 14 24 - 1192 2 - 833 328.5 (3.6) 0.998 880.8 

 Fresh rabbit food 15 24 - 1192 3 - 838 3588.6 (81.2) 0.993 8483.7 

Diethyl fumarate
f
 Fresh newsprint 7 6489 - 18475 5247 - 

15982 

5.1 (0.2) 0.989 11.2 

Malathion        

 HDPE 16 13 - 979 4 - 874 14.3 (0.5) 0.979 16.3 

 Fresh newsprint 16 497 - 21506 187 - 9362 38.5 (2.6) 0.935 85.4 

aNumber of observations. bInitial liquid phase concentration range (μg/L). cEquilibrium liquid phase concentration range (μg/L). dPartition coefficient units are (μg/kg)(L/μg), 
standard error in parentheses. eKoc units are (μg/kg organic carbon)(L/μg). fDEF  was in 12C form, all other sorbates were in 14C form. 
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Table S2. List of chemicals used in the development of various LFERs. 

Sorbates Sorbents 

 Soils Mixed 

MSW 

 

FNP FOP FRF HDPE PVC 

No. of Chemicals 13 9 8 4 5 12 3 

toluene √  √ √ √ √ √ 

o-xylene   √ √ √ √ √ 

cis-1,2- dichloroethylene 

(cis-DCE) 

  √  √ √  

tetrachloroethylene (PCE) √  √ √ √ √ √ 

phenanthrene   √ √ √ √  

malathion   √   √  

diethyl fumarate (DEF)   √     

1,4-dimethylbenzene √       

1,3,5-trimethylbenzene √       

1,2,3-trimethylbenzene √       

1,2,4,5-tetramethylbenzene √       

n-butylbenzene √       

chlorobenzene √       

1,4-dichlorobenzene √ √      

1,2,4-trichlorobenzene √ √      

1,2,3-trichlorobenzene √       

1,2,4,5-tetrachlorobenzene √       

1,2,3,4-tetrachlorobenzene √       

benzene      √  

naphthalene  √      

dibromethane  √      

trichloroethene (TCE)  √ √   √  

2-nitrophenol  √      

nitrobenzene  √      

2,4 dichlorophenol  √      

lindane  √      

1,2 dichloroethane      √  

ethyl benzene      √  

methylene chloride      √  

p-xylene      √  
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Table S3. Solute descriptors and log Kow data for the 21 sorbates evaluated in this study
a,b

 

 E S A B V log Kow 

Benzene 0.610 0.52 0 0.14 0.716 2.13 

Toluene 0.601 0.52 0 0.14 0.857 2.69 

o-Xylene 0.663 0.56 0 0.16 0.998 3.12 

p-Xylene 0.613 0.52 0 0.16 0.998 3.15 

Ethylbenzene 0.613 0.51 0 0.15 0.998 3.15 

1,4 DCB 0.825 0.75 0 0.02 0.961 3.44 

1,2,4-Trichlorobenzene 0.980 0.81 0 0 1.084 4.02 

Nitrobenzene 0.871 1.11 0 0.28 0.891 1.85 

cis-DCE 0.436 0.61 0.11 0.05 0.592 1.86 

TCE 0.524 0.40 0.08 0.03 0.715 2.42 

PCE 0.639 0.42 0 0 0.837 3.40 

1,2 Dichloroethane 0.416 0.64 0.1 0.11 0.635 1.48 

1,1,1-trichloroethane 0.369 0.41 0 0.09 0.757 2.49 

Methylene chloride 0.387 0.57 0.1 0.05 0.494 1.25 

Dibromomethane 0.714 0.67 0.1 0.1 0.600 1.70 

2-Nitrophenol 1.015 1.05 0.05 0.37 0.949 1.79 

2,4 Dichlorophenol 0.96 0.84 0.53 0.19 1.02 3.06 

Malathion
a
 0.82 2.04 0 1.45 2.315 2.70 

Naphthalene 1.34 0.92 0 0.2 1.085 3.30 

Phenanthrene 2.055 1.29 0 0.26 1.454 4.46 

Lindane 1.49 0.99 0 0 1.451 3.72 

aValues for solute descriptors were taken from ref (1-3). blog Kow values were taken EPI Suite v4.0 except 

for malathion. log Kow for malathion was based on the average of experimental values (4, 5). 
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Table S4. Compounds used to establish correlation between diffusivity in HDPE and 

molecular diameter: compound properties.  

 Formula Molecular 

Diameter 

(nm) 

Name Structure log D D 

(cm
2
/s) 

C2Cl4 0.550 PCEa 
 

-9.85 

 

1.42E-10 

 

C7H8 0.560 toluenea 
 

-13.23 3.13E-10 

 

C8H10 0.587 o-xylenea 
 

-15.05 2.20E-10 

 

C14H10 0.640 phenanthrene 
 

-18.11 4.11E-11 

 

C10H19O6PS2 0.755 malathion 

 

-10.85 1.40E-11 

 

aDiffusion coefficients from ref (6) . 
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Table S5. Compounds used to establish correlation between diffusivity in 

polystyrene and molecular diameter: compound properties.  

 Formula Molecular 

Diameter 

(nm) 

Name Structure log D D
a
 

(cm
2
/s) 

C14H10 0.640 phenanthrenea 
 

-18.11 7.77E-19 

C8H10 0.587 o-xylenea 
 

-15.05 8.85E-16 

CCl4 0.554 carbon 

tetrachloride 

 

-13.80 1.58E-14 

C7H8 0.560 toluenea 
 

-13.23 5.85E-14 

SF6 0.505 sulfur fluoride 
 

-13.10 7.94E-14 

n-C6H14 0.601 hexane 
 

-13.00 1.00E-13 

C6H6 0.528 benzene 
 

-12.30 5.01E-13 

aDiffusion coefficients data from this work, the rest were obtained from ref (7). 
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Table S5. Continued 

 Formula Molecular 

Diameter 

(nm) 

Name Structure log D D
a
 

(cm
2
/s) 

n-C5H12 0.575 pentane 
 

-12.20 6.31E-13 

n-C4H10 0.550 butane 
 

-11.80 1.58E-12 

CHCl3 0.511 chloroform 
 

-11.78 1.67E-12 

(CH3)2CO 0.496 acetone 
 

-11.11 7.74E-12 

C3H8 0.506 propane 
 

-10.91 1.23E-11 

C2H5Cl 0.489 chloroethane 
 

-10.80 1.58E-11 

C2H5OH 0.459 ethanol 
 

-10.50 3.16E-11 

CH4 0.380 methane 
 

-7.89 1.29E-08 

aDiffusion coefficients data from this work, the rest were obtained from ref (7). 
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Table S5. Continued 

 Formula Molecular 

Diameter 

(nm) 

Name Structure log D D
a
 

(cm
2
/s) 

CO2 0.390  carbon dioxide   -7.28 5.27E-08 

O2 0.354 oxygen 

 

-7.00 1.00E-07 

Ar 0.346 argon    -6.61 2.45E-07 

Ne 0.286 neon    -5.67 2.15E-06 

H2 0.297 hydrogen    -5.40 3.98E-06 

He 0.258 helium    -4.94 1.14E-05 
aDiffusion coefficients data from this work, the rest were obtained from ref (7). 
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Table S6. Isotherm parameters describing toluene sorption to solid waste mixtures of different composition. 

Sorbent N
a
 Co

b
 Ce

c
 log KF

d
 n

e
 R

2
 Kp

f
 R

2
 

Solid waste mixture 1 
75%  fresh office paper 

20%  fresh newsprint 

5% HDPE water container 
 

15 8 - 1515 4 - 821 1.127 (0.027) 0.993 (0.012) 0.998 12.5 (0.2) 0.995 

Solid waste mixture 2 
73% fresh office paper 
20% fresh newsprint 

5% HDPE water container 

2% PS cold cup  

18 16 - 1328 5 - 1453 1.937 (0.012) 0.864 (0.005) 0.999 32.6 (0.5) 0.995 

aNumber of observations. bInitial liquid phase concentration range (μg/L). cEquilibrium liquid phase concentration range (μg/L). dKF units are 

(μg/kg)(L/μg)n, standard error of log KF in parentheses.  eDimensionless Freundlich exponent, standard error in parentheses. fPartition coefficient units are 

(μg/kg)(L/μg), standard error in parentheses.
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Table S7. Measured toluene Kp for each component of SWM1 and SWM2 

Sorbent Measured  toluene Kp 

(μg/kg)(L/ μg/) 

Fresh newsprint
a
 2.7 

Fresh office paper
a
 13.0 

Water container (HDPE)
b
 86.0 

Disposable cold cup (PS)
b, c

 1338.9 

Values from a(8), b(9). cKp value at Ce = 200μg/L.



184 

 

Table S8 Sensitivity analysis of sorbate parameters for mixed MSW log Koc 

 

 

Table S9. Sensitivity analysis of sorbate parameters for fresh newsprint log Koc 

Parameters R
2
 F-

Significance 

Parameters R
2
 F-

Significance 

V 0.66 0.01 V, E 0.74 0.02 

E 0.35 0.09 V, B 0.82 0.01 

B 0.29 0.13 V, S 0.80 0.01 

A 0.01 0.76 V, A 0.66 0.03 

S 0.01 0.76 V, B, S 0.83 0.02 

   V, B, E 0.83 0.02 

   V, B, A 0.82 0.03 

   E, B, S 0.70 0.09 

   V, E, B, A 0.83 0.08 

   V, E, B, S 0.84 0.19 

   V, E, B, A, S 0.84 0.07 

Parameters R
2
 F-

Significance 

Parameters R
2
 F-

Significance 

E 0.90 0.00 E, A 0.96 5.9E-04 

A 0.41 0.12 E, A, V 0.98 6.3E-03 

V 0.26 0.26 E, B, S 0.95 2.1E-02 

S 0.23 0.28 E, A, V, S 0.98 4.0E-02 

B 0.04 0.67 E, A,V, B 0.99 1.2E-02 

   E, A,V, B, S 1.00 5.8E-03 

   A,V, B, S 1.00 1.2E-03 

   V, B, S 1.00 3.6E-04 

   V, B, A 0.99 2.4E-03 

   V, B 0.99 2.2E-04 

   V, S 0.26 0.55 

   V, E 0.91 7.3E-03 

   V, A 0.45 0.30 
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Table S10. Sensitivity analysis of sorbate parameters for HDPE log Koc 

 

 

 

Table S11. Sensitivity analysis of sorbate parameters for HDPE log Kam 

 

 

Parameters R
2
 F-

Significance 

Parameters R
2
 F-

Significance 

E 0.58 1.4E-03 E, A 0.73 7.8E-04 

A 0.43 0.01 E, A, V 0.83 3.6E-04 

V 0.07 0.35 E, A, V, B 0.98 5.2E-08 

B 0.02 0.65 E, A,V, B, S 0.99 4.3E-07 

S 0.001 0.91 A, V, B, S 0.98 9.8E-08 

   V, B, S 0.97 5.0E-08 

   V, B, A 0.98 1.5E-08 

   V, B 0.97 3.3E-09 

   V, A 0.43 0.04 

   V, S 0.34 0.11 

   V, E 0.61 0.01 

Parameters R
2
 F-

Significance 

Parameters R
2
 F-

Significance 

E 0.63 6.6E-04 E, A 0.77 3.3E-04 

A 0.43 0.01 E, A, V 0.83 3.2E-04 

V 0.11 0.25 E, A, V, S 0.95 5.1E-06 

B 0.01 0.81 E, A,V, B 0.98 5.3E-08 

S 0.01 0.72 E, A,V, B, S 0.98 5.4E-07 

   V, B, S 0.96 3.6E-07 

   V, B, A 0.98 2.0E-08 

   V, B 0.97 2.0E-09 

   V, A 0.43 4.7E-02 

   V, S 0.32 0.12 

   V, E 0.64 3.5E-03 
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Table S12 Predicted Kp values for toluene sorption to four MSW mixtures 

  

 
Predicted Toluene Kp

a
 

Organic Matter Composition foc Option 1 Option 2 Option 3 

Old Landfill (1960)  

0.418 111.6 98.1 20.2 
  • 43.3 % OP & NP  

  • 56.0 % food & yard wastes 

  • 0.7 % plastics 

Modern Landfill (2007)  

0.474 126.5 111.3 67.6 

  • 22.2 % OP  

  • 17.2 % NP  

  • 42.1 % food & yard wastes  

  • 13.0 % rubbery plastics  

  • 5.6 % glassy plastics 

Modern LF      

• 3x glassy plastics (16.8 %) 0.470 125.6 110.5 149.2 

Modern LF      

• 2x rubbery plastics (26%) 0.533 142.3 125.2 75.2 
aPartition coefficient units are (μg/kg)(L/μg).  
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Table S13. Desorption half-lives of model HOCs in representative MSW components 

Material Thickness 

(mm) 

Desorption Half-lives 

    Toluene o-Xylene PCE 

Office paper 0.318  

(3 sheets) 

< 0.5 d ~ 2 d 12 hr. 

Newsprint 0.27  

(3 sheets) 

<<0.5 d <<0.5 d << 0.5 d 

HDPE 1.85  

(container) 

10 d 14 d 22 d
 

PVC 0.40 

(packaging) 

 

327 d 9.2 yr 25.9 yr 

1.50 12.6 yr 129 yr 364 yr 

3.00 50 yr 516 yr 1456 yr 
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Figure S1. Single-solute phenanthrene isotherms for model MSW components. Solid 

lines indicate best fits of the linear partition model, and partition coefficients are 

shown in Table S1. 
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Figure S2. Single-solute diethyl fumarate isotherm for fresh newsprint. Solid line 

indicates best fit of the linear partition model, and partition coefficient is shown in 

Table S1.  
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Figure S3. Single-solute malathion isotherms for selected MSW components. 

Solid lines indicate best fits of the linear partition model, and partition 

coefficients are shown in Table S1. 
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Figure S4. Phenanthrene and malathion sorption uptake in HDPE. 

A 

B 
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Figure S5. Toluene, o-xylene and phenanthrene sorption uptake in PS  

A 

B 

C 
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Figure S6. Single-solute toluene isotherms for solid waste mixtures of different 

composition. Solid lines indicate best fits of the linear partition model. Solid 

waste mixture composition and partition coefficients are shown in Table S2. 
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B 

A 

Figure S7. One-parameter LFER between log Koc and log Kow based on 

average log Koc values for each chemical  in A) fresh newsprint, and B) 

fresh office paper. Log Kow values were obtained from EPI SUITE v4.0. 
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Figure S8. One-parameter LFER between log Koc and log Kow based on average log 

Koc values for each chemical  in A) fresh rabbit food (model food and yard waste), 

and B) PVC. Because of the non-linear nature of the PVC isotherm, the op-LFER 

for PVC in panel (B) provides a valid comparison only at Ce of 200 µg/L.  Log Kow 

values were obtained from EPI SUITE v4.0.  

B 

A 
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A 

B 

Figure S9. One-parameter LFER A) between log Koc and log Kow and B) between 

log Kam and log Kow, based on average log Koc values for each chemical in HDPE. 

Log Kow values were obtained from EPI SUITE v4.0.  



197 
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A 

Figure S10. One parameter-LFER between log Koc and log Kow based on average 

log Koc values for each chemical and log Kow as obtained from A) Reinhart et al. 

(10),  and B) EPI SUITE v4.0.  
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Figure S11. Comparison of experimentally obtained log Koc values with pp-

LFER estimates for mixed MSW. Data from Reinhart et al. (10). 
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Figure S12. Comparison of experimentally obtained log Koc values with pp-

LFER estimates for fresh newsprint. Data from (8, 11, 12) and present work. 
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Figure S13. Comparison of experimentally obtained log Koc values with pp-LFER 

estimates for HDPE. Data from (8, 12, 13) and present work. 
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Figure S14. Comparison of experimentally obtained log Kam values with pp-LFER 

estimates for HDPE. Data from (8, 12, 13) and present work. 
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Figure S15. Distribution of sorbed toluene among MSW components. 
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Figure S16. Comparison of molecular diffusivities in PVC at 30°C (7) as a 

function of penetrant diameter. Data for SF6 and CCl4 were extrapolated by 

Berens (7) from data measured at higher temperatures (50ºC and 70ºC). 
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Sorption Isotherm and Kinetic Experiments 

 

Sorbate 

The phenanthrene-9-
14

C stock solution was prepared by dissolving neat 
14

C labeled 

phenanthrene (Sigma-Aldrich, specific activity = 8.2 mCi/mmol, ≥ 95% radiochemical 

purity) in methanol (HPLC-grade, Fisher Scientific, Pittsburgh, PA). The malathion-2,3-

14
C stock solution was prepared by dissolving neat 

14
C labeled malathion (Sigma-Aldrich, 

specific activity = 5.9 mCi/mmol, ≥ 95% radiochemical purity) in acetonitrile (HPLC-

grade, Fisher Scientific, Pittsburgh, PA). Concentrations of stock solutions were 

determined by liquid scintillation counting. Because malathion is susceptible to 

hydrolysis, malathion stock solution was also analyzed by GC-MS to determine 

concentration and purity. Toluene and o-xylene stock solutions were prepared as 

previously described in (6). All stock solutions were stored at -10°C. 

 

Sorbents 

Office paper (NC State University recycling center) and newsprint (News & Observer 

Publishing Co., Garner, NC) were chosen to represent the range of paper types disposed 

of in landfills. Office paper is a chemical pulp with most of the original lignin removed, 

while newsprint is a mechanical pulp containing most of the lignin present in wood. 

Rabbit food (Manna Pro® Corp., St. Louis, MO) was chosen to represent food and yard 



205 

 

wastes. HDPE (42, 799-3, Sigma-Aldrich) and PS (Catalog No.b19520-500, 

Polysciences, Inc. Warrington, PA) polymers were tested as model polymers for plastic 

product materials found in solid wastes. A drinking water container (HDPE) and 

disposable cold cup (PS) were selected to represent the major plastic resins found in 

discarded MSW (14). The sample preparation and characterization of MSW components 

were previously described (8, 9). The model plastic polymers were procured in pellet or 

powder form and used without further treatment. The PS microspheres were washed with 

pure ethanol twice and air dried for several days to remove remaining excess surfactants 

from product synthesis.     

 

Buffer for Ultrapure water 

Sorption experiments for phenanthrene, toluene and o-xylene were conducted in 

phosphate-buffered (1 mM) ultrapure water at pH 7.0. Sodium azide (200 mg/L) was 

added to phosphate buffered ultrapure water to inhibit aerobic microbial activity.  

 

Sorption experiments for malathion were performed in acetate buffered (15 mM) 

ultrapure water at pH 4.0. Malathion is quite stable at pH 4.0 ± 0.1, 22°C (15). 

Preliminary tests were conducted to identify a buffer type and buffer strength that would 

best stabilize the pH at 4.0 ± 0.1, 22°C during sorption experiments. The malathion loss 

due to hydrolysis was estimated to be about 3% after 150 days. From preliminary 

experiments, it was also found that the addition of 100 mg/L sodium azide (NaN3) 
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increases the pH of the solution as much as 1 pH unit for buffered solutions and 2 pH 

units for acidified DI.  When NaN3 is dissolved in water, hydrazoic acid (HN3) and 

hydroxide (OH
-
) are formed, and the latter product can explain the measured pH increase.  

Since the sorbent-buffer mixture was set at pH 4, the formation of HN3 was favored. 

Hydrazoic acid reacts slowly with hydrochloric acid (used in titration) to form 

ammonium chloride and nitrogen gas (16).  Because of its reactivity, NaN3 was not used 

to suppress aerobic biological activity. Maintaining the sorbent-buffer mixture at pH 4 

was expected to eliminate microbial growth.   

 

Isotherm experiments  

Isotherm experiments for phenanthrene, malathion and toluene were conducted at initial 

sorbate concentrations listed in Tables S1 and S6. Methanol and acetonitrile contributions 

from sorbate stock solutions were kept below 0.1% v/v to avoid potential cosolvent 

effects (17). Liquid-to-solid ratios ranged from 1333:1 to 5000:1 for fresh newsprint, 40:1 

to 1000:1 for fresh office paper, 400:1 to 1000:1 for fresh rabbit food, 20:1 to 800:1 for 

HDPE, and 13:1 to 25:1 for solid waste mixtures 1 and 2. Isotherm experiments were 

conducted following the protocol previously described in (8). Preliminary tests were 

conducted to determine needed equilibration time. 
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Uptake tests Procedure 

For each uptake test except the phenanthrene uptake in PS, multiple replicate glass 28-

mL ampoules were set up using one solid-to-water ratio and one initial sorbate 

concentration for a given sorbent. Ampoules were washed and baked in a muffle furnace 

at 325°C overnight prior to use.  Using a gas tight syringe, 10 - 20 µL of 
14

C-sorbate 

stock solution was spiked into the suspension at the bottom of the ampoule to achieve an 

initial sorbate concentration of 44 - 965 µg/L. Ampoules were flame-sealed immediately 

after spiking and tumbled end-over-end. At each sampling time, triplicate ampoules 

containing sorbent and duplicate blanks were broken to remove 1 to 2-mL aqueous 

sample for scintillation counting. Samples were filtered through a PTFE membrane (0.2 

µm, Millex-LG, Millipore) before injection into scintillation cocktail (Ultima Gold
TM

, 

Packard Instrument Company). Unfiltered samples from blanks were used to account for 

sorbate losses due to filtration. Ampoules were sampled until sorption equilibrium was 

achieved. 

 

For phenanthrene-PS uptake test, multiple replicate 500-mL amber glass bottles were set 

up using one solid-to-water ratio and one initial sorbate concentration. Bottles were 

washed and baked in a muffle furnace at 550°C for 2 hr, prior to use. Using a gas tight 

syringe, 80 µL of 
14

C-phenanthrene stock solution was spiked into the suspension at the 

bottle bottom to achieve an initial phenanthrene concentration of 65 µg/L. The glass 

bottles were immediately sealed with screw caps lined with aluminum wrapped Teflon 
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septa after spiking and tumbled end-over-end. At each sampling time, triplicate 2-mL 

liquid samples were remove from duplicate bottles and blanks for scintillation counting 

Similarly, samples were filtered through a PTFE membrane (0.2 µm, Millex-LG, 

Millipore) before injection into a scintillation cocktail (Ultima Gold
TM

, Packard 

Instrument Company). Unfiltered samples from blanks were used to account for sorbate 

losses due to filtration. The bottles were sampled until sorption equilibrium was achieved. 

 

Literature Cited 

(1) Abraham, M.H.; Chadha, H.S.; Whiting, G.S.; Mitchell, R.C. Hydrogen-bonding. 

32. An analysis of water-octanol and water-alkane partitioning and the delta-log-P 

parameter of Seiler. J. Pharm. Sci. 1994, 83, 1085-1100.  

(2) Platts, J.A.; Abraham, M.H.; Butina, D.; Hersey, A. Estimation of molecular linear 

free energy relationship descriptors by a group contribution approach. 2. Prediction 

of partition coefficients. J. Chem. Inf. Comput. Sci. 2000, 40, 71-80.  

(3) Nguyen, T.H.; Goss, K.U.; Ball, W.P. Polyparameter linear free energy 

relationships for estimating the equilibrium partition of organic compounds between 

water and the natural organic matter in soils and sediments. Environ. Sci. Technol. 

2005, 39, 913-924.  



209 

 

(4) Hansch, C.; Albert, L.; Hoekman, D.H. Exploring QSAR. American Chemical 

Society: Washington, DC, 1995.  

(5) Chiou, C.T.; Freed, V.H.; Schmedding, D.W.; Kohnert, R.L. Partition coefficient 

and bioaccumulation of selected organic chemicals. Environ. Sci. Technol. 1977, 

11, 475-478.  

(6) Saquing, J.M.; Mitchell, L.; Wu, B.Y.; Wagner, T.; Knappe, D.R.U.; Barlaz, M.A. 

Factors controlling alkylbenzene and tetrachloroethene desorption from municipal 

solid waste components. Manuscript for ES &T submission 2009.  

(7) Berens, A.R. and Hopfenberg, H.B. Diffusion of organic vapors at low 

concentrations in glassy PVC, polystyrene, and PMMA. J. Membr. Sci. 1982, 10, 

283-303.  

(8) Wu, B.Y.; Taylor, C.M.; Knappe, D.R.U.; Nanny, M.A.; Barlaz, M.A. Factors 

controlling alkylbenzene sorption to municipal solid waste. Environ. Sci. Technol. 

2001, 35, 4569-4576.  

(9) Saquing, J.M.; Knappe, D.R.U.; Barlaz, M.A. Impact of plastics on fate and 

transport of organic contaminants in landfills. Manuscript for ES & T submission 

2009.  



210 

 

(10) Reinhart, D.R.; Gould, J.P.; Cross, W.H.; Pohland, F.G. Sorptive behavior of 

selected organic pollutants codisposed in a municipal landfill, In Emerging 

Technologies In Hazardous Waste Management; ACS Symposium Series 422 ed.; 

Tedder, D.W. and Pohland, F.G., Eds.; American Chemical Society: Washington, 

DC., 1990, 292-310.  

(11) Jones, C.J.; Mcgugan, P.J.; Smith, A.J.; Wright, S.J. Adsorption of some toxic 

substances by waste components. J. Hazard. Mater. 1978, 2, 219-225.  

(12) Wagner, T. Factors controlling hydrophobic organic contaminant sorption to and 

desorption from municipal solid waste. MS Thesis. NC State University. 2003.  

(13) Sangam, H.P. and Rowe, R.K. Migration of dilute aqueous organic pollutants 

through HDPE geomembranes. Geotextiles Geomembranes 2001, 19, 329-357.  

(14) U.S. Environmental Protection Agency Municipal solid waste, generation, 

recycling, and disposal in the United States; Facts and Figures for 2007. 2007.  

(15) Wolfe, N.L.; Zepp, R.G.; Gordon, J.A.; Baughman, G.L.; Cline, D.M. Kinetics of 

chemical degradation of malathion in water. Environ. Sci. Technol. 1977, 11, 88-93.  

(16) Audrieth, L.F. Hydrazoic acid and its inorganic derivatives. Chem. Rev. 1934, 15, 

169-224.  



211 

 

(17) Brusseau, M.L.; Wood, A.L.; Rao, P.S.C. Influence of organic cosolvents on the 

sorption kinetics of hydrophobic organic-chemicals. Environ. Sci. Technol. 1991, 

25, 903-910.  

 

 

 

 

 


