
ABSTRACT 

MORENO BARBOSA, JONATHAN JULIAN. Evaluation of Freundlich Adsorption Constants 

for VOCs at Regulatory Relevant Concentrations. (Under the direction of Dr. Detlef R.U. 

Knappe). 

  

In 2010, the United States Environmental Protection Agency (EPA) announced its new 

Drinking Water Strategy (DWS) to strengthen public health protection. One of the goals is to 

address contaminants in groups, rather than individually. Carcinogenic volatile organic 

compounds (cVOCs) were identified for the first set of contaminants to be considered for 

regulation as a group. Thirteen cVOCs may be included in the new group regulation – eight 

currently regulated [benzene; carbon tetrachloride (CT); 1,2-dichloroethane (1,2-DCA); 1,2-

dichloropropane (1,2-DCP); dichloromethane (DCM); tetrachloroethene (PCE); trichloroethene 

(TCE); vinyl chloride (VC)], three on EPA’s third contaminant candidate list [1,3-butadiene; 1,1-

dichloroethane (1,1-DCA); 1,2,3-trichloropropane (1,2,3-TCP)], and two additional compounds 

[1,1,1,2-tetrachloroethane (1,1,1,2-TeCA); 1,1,2,2-tetrachloroethane (1,1,2,2-TeCA)]. The best 

available technologies for removing the currently regulated cVOCs are packed tower aeration 

(PTA) and granular activated carbon (GAC) adsorption. To assess the effectiveness of these 

treatments in the context of a new cVOC group regulation, accurate information about Henry’s 

Law constants (HLCs) and Freundlich adsorption constants is needed. 

  

The primary objective of this research was to determine Freundlich adsorption constants 

for the 13 cVOCs. Specific objectives included determining the effects of temperature, 

background water quality, and GAC type on Freundlich adsorption constants describing cVOC 

adsorption by GAC and to obtain constants applicable to regulatory relevant concentrations. 

 

Single-solute adsorption isotherm experiments were completed for 12 of the 13 cVOCs of 

regulatory interest. The most weakly adsorbing cVOCs were DCM and VC while the most 

strongly adsorbing cVOCs were PCE, 1,2,3-TCP, and TCE. 

 

Freundlich adsorption constants (K) values were determined from packed bed adsorber 

data obtained at the bench-scale (rapid small-scale column tests, RSSCTs) and the pilot-scale. 

For weakly to moderately strongly adsorbing, K values determined from single-solute adsorption 



isotherms closely matched K values determined from RSSCTs conducted with groundwaters 

containing TOC levels of 0.8 and 1.6 mg/L. In contrast, RSSCTs conducted with more strongly 

adsorbing cVOCs yielded adsorption capacities that were lower than those obtained from single-

solute adsorption isotherm experiments. Pilot-scale data yielded K values that were 

approximately 40% of the average values determined from single-solute adsorption isotherm 

experiments and from RSSCTs. 

 

In adsorption isotherm experiments, 1,1-DCA adsorption capacities decreased in the 

order coconut shell>lignite>subbituminous coal, and the coconut-shell based GAC exhibited a K 

value that was almost twice that of the two subbituminous coal-based GACs. For 1,2,3-TCP, one 

of subbituminous coal-based GACs and the coconut shell-based GAC exhibited the largest K 

values that were approximately 1.5 times those obtained with the other subbituminous coal-based 

GAC and the lignite-based GAC. In the pilot study large performance differences were observed 

among GACs, with one coconut GAC exhibiting a K value for 1,1-DCA that was approximately 

five times that of a direct activated subbituminous coal-based GAC. 

 

Comparing isotherm data obtained at 23 and 35°C, higher adsorption capacities were 

obtained at the lower temperature. For 1,1-DCA, the K value at 35°C was approximately one-

third of that obtained at 23°C. For 1,2,3-TCP, the K value at 35°C was approximately one-half of 

that obtained at 23°C. In RSSCTs for 1,1-DCA at EBCTs of 7.5 and 15 minutes, K values at 7°C 

were approximately twice those obtained at 23°C. For 1,2-DCP, the K value at 7°C was almost 

twice that at 23°C at an EBCT of 7.5 minutes while an increase of 60% was obtained at an 

EBCT of 15 minutes. The effect of temperature was smallest for 1,2,3-TCP with adsorption 

capacities at 7°C being 30 and 20% higher than at 23°C for the two EBCTs. 

 

Three groundwaters with TOC concentrations ranging from 0.8 to 3.5 mg/L were used in 

RSSCTs to assess the impact of background organic matter concentration on cVOC 

adsorbability. Overall, in seven out of ten cases, cVOC adsorption capacities, as quantified by K 

values, decreased as background TOC levels increased, but changes in K values were often 

small. For three out of ten cases, K values of two relatively strongly adsorbing cVOCs were 

higher in the groundwater with the higher TOC. 



 

The principal product of this research is a collection of Freundlich adsorption constants 

for 13 cVOCs under consideration for a new group regulation. Based on Hcc,10°C values obtained 

from Ingham (2014) and K values from this research, two (DCM and VC) are amenable to PTA 

treatment only while four (1,2,3-TCP, 1,2-DCA, 1,1,1,2-TeCA and 1,1,2,2-TeCA) are amenable 

to GAC treatment only. The remaining seven cVOCs can be effectively removed both by PTA 

and GAC, but treatment costs will vary among individual cVOCs.                   
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CHAPTER 1 

INTRODUCTION AND OBJECTIVES 

1.  

 

MOTIVATION 

In 2010, the United States Environmental Protection Agency (EPA) announced its new 

Drinking Water Strategy (DWS) to strengthen public health protection. The first of four goals 

under the DWS was to address contaminants as a group, rather than individually, to minimize 

costs associated with drinking water protection. Initially, sixteen carcinogenic volatile organic 

compounds (cVOCs) were identified for the first new group regulation. Priority was given to 

these compounds because they are known or probable human carcinogens and thus have 

comparable public health goals (U.S. EPA 2011). Of these sixteen cVOCs, eight are currently 

regulated [benzene; carbon tetrachloride (CT); 1,2-dichloroethane (1,2-DCA); 1,2-

dichloropropane (1,2-DCP); dichloromethane (DCM); tetrachloroeth(yl)ene (PCE); 

trichloroeth(yl)ene (TCE); vinyl chloride (VC)] and eight are on the third contaminant candidate 

list (CCL3) [aniline; benzyl chloride; 1,3-butadiene; 1,1-dichloroethane (1,1-DCA); 

nitrobenzene; methyl oxirane; 1,2,3-trichloropropane (1,2,3-TCP); urethane]. Stakeholders also 

identified four additional cVOCs for consideration [1,1,1,2-tetrachloroethane (1,1,1,2-TeCA); 

1,1,2,2-tetrachloroethane (1,1,2,2-TeCA); 1,2-dibromoethane (= ethylene dibromide, EDB); 1,2-

dibromo-3-chloropropane (DBCP)]. From these twenty compounds, several will likely be 

eliminated from the final cVOC group regulation because of such factors as low volatility when 

dissolved in water, which limits treatment using PTA, and inability to measure all compounds 

with one analytical method, for example EPA Method 524.3 (U.S. EPA 2009). Attention has 

turned to 13 of these compounds – the eight currently regulated cVOCs, three CCL3 compounds 

(1,3-butadiene; 1,1-DCA; 1,2,3-TCP) and two of the additional compounds (1,1,1,2-TeCA; 

1,1,2,2-TeCA). These 13 cVOCs were the focus of this study. 

Table 1.1 summarizes the chemical structures, octanol-water partition coefficients (Kow), 

aqueous solubilities, and oral cancer slope factors of the 13 candidate cVOCs. The cVOCs are 

moderately hydrophobic, with log Kow values ranging from 1.25 (DCM) to 3.4 (PCE) and 

solubilities ranging from 206 mg/L (PCE) to 13,000 mg/L (DCM). The oral cancer slope factor, 

which is used to calculate cancer risk associated with exposure to drinking water contaminants, 
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ranges from 0.002 [mg/(kgˑday)]-1 for DCM to 30 [mg/(kgˑday)]-1 for the potent carcinogen 

1,2,3-TCP. 

The best available technologies (BATs) for removal of the currently regulated cVOCs are 

packed tower aeration (PTA) and granular activated carbon (GAC) adsorption; however, these 

technologies may not prove to be suitable for all 13 cVOCs under consideration. Accurate 

knowledge of Henry’s Law constants (HLCs) and Freundlich adsorption constants for these 

contaminants is necessary to assess the feasibility of using PTA or GAC treatment. HLC values 

and their temperature dependence are fairly well documented for the 13 cVOCs (Sander 1999; 

Staudinger and Roberts 1996; Warneck 2007; Ingham 2014).  
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Table 1.1 

Compounds considered for regulation in EPA’s new group cVOC rule  

 Compound SMILES* Structure 

log 

Kow
a 

(25° C) 

Aqueous 

Solubilitya 

(mg/L) 

Oral Cancer 

Slope Factorc 

[mg/(kg∙day)]-1 

Regulated 

cVOCs 

Benzene c(cccc1)c1 

 

2.13 1790 0.015 

Carbon tetrachloride 

(CT) 
C(Cl)(Cl)(Cl)Cl 

 

2.83 793 0.07 

1,2-Dichloroethane 

(1,2-DCA) 
ClCCCl 

 

1.48 8600 0.047d 

1,2-Dichloropropane 

(1,2-DCP) 
ClCC(Cl)C 

 

1.98 2800 0.036 d 

Dichloromethane 

(DCM) 
ClCCl 

 

1.25 13000 0.002 

Tetrachloroethene 

(PCE) 
C(=C(Cl)Cl)(Cl)Cl 

 

3.4 206 0.0021 

Trichloroethene 

(TCE) 
C(=CCl)(Cl)Cl 

 

2.42 1280 0.046 

Vinyl chloride     

(VC) 
C(=C)Cl 

 

1.69b 8800 0.72 

CCL3 

cVOCs 

1,3-Butadiene C(C=C)=C 

 

1.99 735 3.4 

1,1-Dichloroethane 

(1,1-DCA) 
C(Cl)(Cl)C 

 

1.79 5040 0.0057 

1,2,3-

Trichloropropane 

(TCP) 

ClCC(Cl)CCl 

 

2.27 1750 30 

Additional 

cVOCs 

1,1,1,2-

Tetrachloroethane 

(1,1,1,2-TeCA) 

C(CCl)(Cl)(Cl)Cl 

 

2.647b 1070 0.026 

1,1,2,2- 

Tetrachloroethane 

(1,1,2,2-TeCA) 

C(C(Cl)Cl)(Cl)Cl 

 

2.39 2830 0.2 

* Simplified molecular-input line-entry system  

Sources: aEstimation Program Interface (EPI) Suite of EPA unless otherwise noted 
bSciFinder Scholar 
cIntegrated Risk Information System (IRIS) unless otherwise noted 

  dOEHAA Toxicity Criteria Database 

 

In addition, Freundlich adsorption constants have been determined for several of the 

currently regulated cVOCs (Speth and Miltner 1990), though data are generally limited to one 

temperature and to concentrations higher than those being considered in the new cVOC rule. In 
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contrast, few Freundlich adsorption constants have been published for the CCL3 contaminants 

and the additional cVOCs under consideration. Such information is needed to help utilities 

predict the capital and operating costs of meeting a new cVOC group regulation. 

RESEARCH OBJECTIVES 

The objective of this research was to determine Freundlich adsorption constants for the 

13 cVOCs most likely to be included in a new cVOC group regulation (Table 1.1). The specific 

objective of this research was to determine the effects of temperature, background water quality, 

and GAC type on Freundlich adsorption constants describing cVOC adsorption to GAC at 

regulatory relevant concentrations (low parts per billion levels). 

 

To meet the objectives of this research, the following tasks were completed: 

1. Conduct a literature survey to compile available Freundlich adsorption constants for the 

13 cVOCs 

2. Conduct experiments to determine the effects of temperature, background water matrix, 

and GAC type on Freundlich adsorption constants for the 13 cVOCs. Freundlich 

adsorption constants were determined from single-solute adsorption isotherm data as well 

as from bench-scale and pilot-scale GAC column data. 

 

Results from this research are expected to aid water treatment professionals in (i) assessing 

the suitability of GAC adsorption processes for the removal of cVOCs, including currently 

unregulated compounds, and (ii) optimizing the design and operation of GAC adsorption 

processes for cVOC removal in light of possible new regulatory scenarios. 
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CHAPTER 2 

BACKGROUND 

2.  

VOLATILE ORGANIC COMPOUNDS (VOCs) 

Carcinogenic volatile organic compounds (cVOCs) are carbon-containing chemicals that 

have potential to be gaseous under room temperature and pressure. These chemicals have 

multiple uses in industry and homes and as such have found their way in the groundwater 

through contamination of septic tanks, hazardous waste dumps, landfills and waste from 

industrial processing. Contamination also results from malpractices particularly industrial spills 

or leaks of waste that contaminate the ground water (New Jersey Dept. of Health 1997). 

Unfortunately, cVOCs are potentially hazardous to human health and the environment. Many of 

them are known to be animal carcinogens and thus are regarded as potential human carcinogens. 

Eight VOCs are currently being regulated by the USEPA, each having a maximum 

contaminant limit of 0.005 mg/L (US EPA 2009). These cVOCs include benzene, carbon 

tetrachloride (CT), 1,2-dichloroethane (1,2-DCA), 1,2-dichloropropane (1,2-DCP), 

dichloromethane (DCM), tetrachloroeth(yl)ene (PCE), trichloroeth(yl)ene (TCE), vinyl chloride 

(VC). However, there are still 12 cVOCs that are unregulated. Eight of these 12 cVOCs come 

from the third Contaminant Candidate List particularly aniline, benzyl chloride, 1,3-butadiene, 

1,1-dichloroethane (1,1-DCA), nitrobenzene, methyl oxirane, 1,2,3-trichloropropane (1,2,3-TCP) 

and urethane. 1,1,1,2-tetrachloroethane, 1,1,2,2-tetrachloroethane, 1,2-Dibromo-3-chloropropane 

(DBCP) and 1,2-Dibromoethane (EDB) are additional contaminants that the US EPA might add 

or substitute to the cVOC group.  

In March 2010, the USEPA Administrator announced the Agency's new Drinking Water 

Strategy (DWS). One of the four goals of the DWS was to address contaminants as a group 

rather than one at a time, so that the enhancement of water protection can be achieved more cost-

effectively. USEPA identified cVOCs as potential candidate for group regulation. The following 

13 cVOCs were under consideration for the new cVOC group regulation at the time of this study: 
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 Regulated cVOCs: benzene; carbon tetrachloride (CT); 1,2-dichloroethane (1,2-

DCA); 1,2-dichloropropane (1,2-DCP); dichloromethane (DCM); tetrachloroethylene 

(PCE); trichloroethylene (TCE); vinyl chloride (VC) 

 CCL3 cVOCs: 1,3-butadiene; 1,1-dichloroethane (1,1-DCA); 1,2,3-trichloropropane 

(TCP) 

 Additional cVOCs: 1,1,1,2-tetrachloroethane, 1,1,2,2-tetrachloroethane. 

 

The premise of a group regulation is that the contaminants can be grouped together based 

on similar characteristics with respect to health end points, contaminant properties, and analytical 

approaches.  For a cVOC group, certain commonalities can be assumed.  For example, these 

compounds will all be carcinogenic, organic, and volatile.  Due to varying definitions, strictly 

defining volatility of a compound is the most difficult, as the volatility of compounds fall in a 

continuum between the compounds in a group.  Volatility is therefore an important factor for 

limiting inclusion in the group and a functional definition of volatility is needed to differentiate 

volatile organic compounds (VOCs) from other non-volatile synthetic organic compounds. 

The most important physical-chemical property when considering volatility is the Henry’s Law 

constant (H).  H is the coefficient relating the concentration of a compound in the gaseous phase 

to the concentration of that compound in the liquid phase, with an interface with the gaseous 

phase.  It quantifies how easily a compound may be stripped from water.  The lowest H value 

among the currently regulated VOCs is about 0.025 (1,2-DCA), whereas, most of the additional 

compounds being considered for regulation have H values below 0.01 at 10°C (exceptions 

include 1,1-DCA and 1,3-butadiene).  Therefore, the majority of the new compounds considered 

for group regulation discussions are less volatile and will be more challenging to treat by air 

stripping processes.   

 

TREATMENT OPTIONS FOR VOCs REMOVAL 

PTA and granular activated carbon (GAC) adsorption are identified by USEPA as the 

best available technologies (BATs) for the treatment of currently regulated cVOCs. In addition, 

advanced oxidation processes (AOP) or biological treatment may be used to control cVOCs, but 

they are not classified as BATs. To date, little information is available on the ability of these 

treatment systems to treat cVOCs at the concentrations of interest for the new group regulation. 
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Technical knowledge and implementation knowledge gaps exist for all cVOC treatment 

technologies that need to be addressed to quantify the impact of a group cVOC regulation on 

utilities. 

 

 Aeration - There are many factors that go into designing an air-stripping unit such as 

tower diameter and height, packing material, and air to water ratio. The most important 

parameter is the Henry’s Law constant, which is the driving factor in sizing and 

designing the aeration systems. 

 GAC Adsorption - For GAC systems, the Freundlich adsorption constant (an indicator 

of the adsorptive capacity of an adsorbent for a solute), is an important constant to 

evaluate the effectiveness of GAC to remove cVOCs. Freundlich adsorption constants are 

typically determined in batch adsorption isotherm experiments, but the information from 

batch systems is not readily transferable to column systems. Apart from the Freundlich 

adsorption constant, empty bed contact time (EBCT) and GAC type are important 

considerations for the performance of GAC systems. 

 AOPs - Unlike air stripping and adsorption, that are phase-transfer processes, AOPs are 

destructive processes. AOPs oxidize VOCs and other organic contaminants directly in the 

water through chemical transformation, as opposed to simply transferring them from the 

liquid phase into a gas phase (in the case of air stripping) or solid phase (in the case of 

GAC). Although destruction of contaminants is generally beneficial, the formation of 

byproducts (from the water matrix) or transformation products (from the micro-

pollutants) that retain harmful biological activity is a possibility. The design of an AOP is 

governed by the influent contaminant concentration, target effluent contaminant 

concentration, hydroxyl radical scavenging demand, desired flow rate, and background 

water quality parameters such as pH, bromide concentration, and alkalinity. The key 

design parameters for AOPs include: chemical dosages and ratios with other chemicals, 

reactor contact time, reactor configuration, and peroxide quenching. 

 Biological – Microorganisms in biological treatment processes have the potential to bio-

transform cVOCs through their metabolism. Key design parameters include the hydraulic 

loading rate, cVOC concentrations, concentrations of other substrates, and contact time. 
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FREUNDLICH ADSORPTION CONSTANT (K) 

 

The equilibrium adsorption capacity of activated carbon is commonly measured in batch 

adsorption isotherm experiments that relate the adsorbed concentration of the contaminant (q, 

mg/g) to the aqueous phase concentration of the contaminant (C, µg/L). A common model used 

to describe adsorption isotherm data is the Freundlich isotherm equation: 

 

𝑞 = 𝐾𝐶
1

𝑛⁄                                                                       (2.1) 

 

where K (units: (mg/g)(L/µg)1/n) is the Freundlich adsorption constant, which expresses 

the adsorption capacity of the activated carbon for the contaminant at an equilibrium aqueous 

phase concentration of 1 µg/L, and 1/n is the Freundlich exponent that is related to the 

heterogeneity of the adsorption site energies (Summers et al. 2011). For homogeneous 

adsorbents (uniform pore size and surface chemistry), the Freundlich exponent has a value of 

one, but for activated carbons with distributions of pore sizes and non-uniform surface 

chemistry, 1/n values are less than one. The Freundlich equation was initially developed to 

empirically describe adsorption isotherm data, but it can also be developed from adsorption 

theory (e.g. Weber and DiGiano 1996). 

 

 

FACTORS AFFECTING K 

Factors expected to affect the magnitude of K in single-solute systems include (1) 

adsorbate properties, (2) adsorbent properties, (3) temperature, and, if compounds are ionizable, 

(4) solution pH. In practice, the adsorption capacity of GAC is also expected to be influenced by 

(1) the initial target adsorbate concentration and (2) the presence of competing adsorbates (other 

trace organic compounds, background organic matter).  

 

Adsorbate Properties 

 

Properties of organic compounds that affect their adsorbability include water solubility, 

molecular size and shape, and polarizability (i.e. the ease with which uneven electron 

distributions can be induced in a molecule). In general, the adsorbability of molecules increases 



 

 9 

with decreasing water solubility, increasing molecular size (assuming molecules can enter 

activated carbon pores), and increasing polarizability (Knappe 2006).  

 

Adsorbent Properties 

 

With respect to physical properties, the size of adsorbent pores affects the adsorption of 

organic compounds in two important ways. First, adsorption strength increases with decreasing 

pore size because adsorption potentials between opposing pore walls begin to overlap. Second, 

size exclusion limits the adsorption of organic compounds whose size and shape precludes 

access to adsorbent pores. In general, a large volume of pores with dimensions that match or 

slightly exceed the size of the targeted pollutant(s) assures a high adsorption capacity. 

With respect to chemical properties, activated carbon that are hydrophobic in nature are more 

effective for organic contaminant removal from water than hydrophilic activated carbons, 

regardless of whether polar or non-polar adsorbates are targeted. For most activated carbons, the 

oxygen content determines its hydrophilicity. Activated carbons with high oxygen contents 

strongly bind water, a phenomenon that adversely affects the adsorption of organic contaminants 

(e.g. Knappe 2006). 

 

Temperature 

 

Because adsorption processes are typically exothermic in nature, K values are expected to 

increase with decreasing water temperature (e.g. Muller et al. 1985, Schreiber et al. 2007).  

 

Solution pH 

 

For the 13 cVOCs studied here, solution pH is not expected to affect K values determined 

from single-solute adsorption isotherm experiments because all adsorbates are non-ionic. In the 

presence of background organic matter, the adsorption capacity for cVOCs may exhibit a pH 

dependence if the adsorbability of background organic matter changes with pH. In general, the 

adsorbability of background organic matter increases with decreasing pH (e.g. Newcombe 2006), 

but the resulting effect on cVOC adsorption from groundwater is not established. 

 

 

 

 



 

 10 

Concentration of Background Organic Matter 

 

When determining the adsorption capacity of activated carbon for micropollutants in 

packed bed adsorbers treating water containing background organic matter, adsorption capacities 

are typically lower than those obtained from batch adsorption isotherm experiments. For organic 

micropollutant removal from surface water, Kennedy et al. (2015) showed that carbon use rates 

increased with increasing concentration of background organic matter. It is likely that a similar 

trend holds for cVOC removal from groundwater with different background organic matter 

concentrations. Background organic matter affects the performance of GAC adsorbers in at least 

two important ways: (1) strongly adsorbing organic matter that is similar in size to the target 

adsorbate competes with the target adsorbate for adsorption sites and lowers the adsorption 

capacity and (2) organic matter molecules with high molecular weights block pore entrances and 

adversely affect adsorption kinetics. To account for competition from background organic 

matter, a capacity fouling model has been included in mathematical models describing the 

performance of packed bed adsorbers, such as ADesignS. The fouling model is of the form 

(Magnuson and Speth 2005): 

 

(
𝐾𝑡

𝐾0
)

𝑇𝐶𝐸
= 0.01 × [𝐴1 − 𝐴2 × 𝑡 + 𝐴3 × 𝑒𝑥𝑝(−𝐴4 × 𝑡)]                         (2.2) 

 

where t is time of GAC adsorber operation and A1, A2, A3, and A4 are empirical kinetic 

constants describing the decrease in TCE adsorption capacity in a given water matrix and for a 

given GAC. Furthermore, for contaminants other than TCE: 

 

(
𝐾𝑡

𝐾0
)

𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡
= 𝑎 × (

𝐾𝑡

𝐾0
)

𝑇𝐶𝐸
+ 𝑏                                    (2.3) 

 

where a and b are correlating factors for different contaminant classes. 

 

Initial cVOC Concentration 

 

Rapid small-scale column test (RSSCT) data collected as part of WRF project #4440 

illustrated that normalized cVOC breakthrough curves (i.e. C/C0 plotted as a function of bed 

volumes treated) obtained in a Colorado groundwater exhibited initial concentration dependence 

when influent concentrations were varied in the 0.5 to 50 µg/L range (Summers et al. 2015). 

These results were unexpected and conflict with the adsorption behavior of micropollutants from 
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surface water, for which percent removal is independent of the initial cVOC concentration 

(Knappe et al. 1998, Graham et al. 2000, Matsui et al. 2002). Possible reasons for the different 

behavior of cVOCs in groundwater include (1) the lower TOC concentration of groundwater and 

the resulting increase in pollutant:TOC concentration ratios, (2) different characteristics of 

groundwater organic matter that render it less adsorbable on GAC, and/or (3) smaller molecular 

size of cVOCs relative to the micropollutants in the surface water study.  

 

Competition Among cVOCs 

 

Both RSSCT data and results from mathematical models show that adsorption 

competition among cVOCs is important if one or more cVOCs of similar adsorbability co-occur 

in groundwater (Summers et al. 2015). Compared to the adsorption of a single cVOC, onset of 

cVOC breakthrough occurs sooner when competing cVOCs of similar adsorbability are present. 

In contrast, the presence of a strongly adsorbing cVOC has little impact on the time onset of 

breakthrough takes place for a weakly adsorbing cVOC and vice versa. However, displacement 

of a weakly adsorbing cVOC by a more strongly adsorbing cVOC will occur in the adsorbed 

phase. As the mass transfer zone of the more strongly adsorbing cVOC moves through the GAC 

bed, desorption of the more weakly adsorbing cVOC occurs such that GAC effluent 

concentrations of the more weakly adsorbing cVOC exceed those in the influent until the more 

strongly adsorbing cVOC has fully broken through. 

ESTIMATION METHOD FOR FREUNDLICH ADSORPTION CONSTANTS 

Freundlich adsorption constants can be estimated using the Polanyi potential theory in 

combination with linear solvation energy relationships as described by Crittenden et al. (1999) 

and as available in the model ADesignS. For aqueous compounds, the adsorption potential is 

calculated from:  

𝜖 = 𝑅𝑇 𝑙𝑛 (
𝐶𝑠

𝐶
)                                                         (2.4) 

 

where  is the available adsorption potential in water, Cs and C are the liquid-phase 

concentrations of the target contaminant at saturation (i.e., at the aqueous solubility limit) and at 

equilibrium, respectively, R is the universal gas constant, and T is the absolute temperature (in 

K). The adsorption capacity is related to a given adsorption potential through the Polanyi-

Dubinin model as follows:  
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𝑊 = 𝑊0 𝑒𝑥𝑝 [− (
𝜖

100𝑁
)

𝑏

]                                              (2.5) 

 

where W is the volume occupied by the adsorbate, W0 is the maximum volume that can 

be adsorbed, b is a fitting parameter, and N is a normalizing factor that is estimated from a linear 

solvation energy relationship (LSER) as follows:  

 

𝑁 = 𝑘1
𝑉𝑖

100
+ 𝑘2𝜋∗ + 𝑘3𝛽 + 𝑘4𝛼 + 𝑘5                                  (2.6) 

 

In equation 2.6, the independent variables are the LSER parameters intrinsic molar 

volume (Vi), polarity/polarizability (*), hydrogen-bonding acceptor parameter (), and 

hydrogen-bonding donor parameter (). The k values are empirical fitting parameters that are 

adsorbent- and adsorbate-specific (Crittenden et al. 1999). Results of the Polanyi-Dubinin (W 

plotted as a function of ) can be converted into a traditional isotherm plot (q plotted as a 

function of C), and the Freundlich capacity parameter can be determined from the predicted 

isotherm.  

 

 

EFFECT OF FREUNDLICH ADSORPTION CONSTANTS ON CARBON USE RATE 

Single-solute adsorption isotherm data are used when initially determining the 

practicality of activated carbon treatment for removing contaminants from a drinking water 

source. Useful information can be obtained from the adsorption isotherm data; e.g., to elucidate 

the relative adsorbability of different contaminants. In general, larger K values imply lower 

carbon use rates, but K values would need to be based on data obtained at relevant aqueous-

phase equilibrium concentrations. In addition, adsorption isotherm data can be used to compare 

the effectiveness of different activated carbons. Single-solute isotherms represent the ultimate 

adsorption capacity of an activated carbon for a compound of interest (Speth et al. 2001), and the 

magnitude of competitive effects can be assessed from multi-solute experiments. In addition, the 

residual adsorption capacity of GAC in a contactor that has been in use and thus is partially 

exhausted can be estimated from adsorption isotherm data collected with GAC samples from 

operating adsorbers (Summers et al. 2011). 
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While K values from batch adsorption isotherms help quantify the adsorbability of a 

contaminant by a specific activated carbon, they cannot accurately predict the performance of 

GAC columns. Concentration profiles and breakthrough curves for a single adsorbate in a GAC 

bed are shown in  

Figure 2.1. The mass transfer zone (MTZ) is the length of GAC bed necessary for the 

aqueous solute to be adsorbed by the GAC. Solute will begin to break through in the GAC 

effluent as the MTZ reaches the bottom of the GAC bed (e.g. at VB in Figure 2.1). Adsorption 

equilibrium is reached when the effluent concentration matches the influent concentration.  

 

 

 
Source: Metcalf & Eddy (2003) 

Figure 2.1 Concentration profiles and breakthrough curves for a GAC adsorber 
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The GAC service life (tbk, d) is reached when the effluent concentration of the GAC 

adsorber exceeds the treatment objective. If the MTZ is short, a mass balance at tbk is given by 

(Crittenden et al. 2005):  

 

 

  

 GACeobk MqQCt       (2.7) 

 

where Q  = flow rate, cubic meters per hour (m3/h) 

 Co  = influent solute concentration 

 MGAC  =  mass of GAC, grams (g)  

 

 Rearranging Equation 2.1 yields the carbon use rate (CUR, mg/L or lb/1000 gal) which 

describes the rate of GAC exhaustion and indicates how frequently carbon must be replaced. 

 

 
e

o

bk

GAC

q

C

Qt

M
CUR       (2.8) 

 

Batch and packed bed reactors differ when trace pollutants, such as cVOCs, compete 

with background organic matter (OM) for adsorption sites. OM adsorbs to GAC ahead of the 

mass transfer zone of the contaminant, a phenomenon known as preloading, which is not 

captured in batch tests. An apparent capacity parameter, K*, has been suggested to describe the 

adsorption capacity of trace contaminants in packed bed GAC adsorbers, K* can be calculated by 

assuming that the quantity of water treated to 50% breakthrough in a non-ideal adsorber 

approaches that treated to exhaustion of an ideal plug flow reactor, a good assumption if the 

MTZ is symmetrical. A mass balance around the ideal adsorber yields 

 

                                             
(𝐶0−𝐶𝑒)𝑄𝑡

𝑀𝐺𝐴𝐶
= 𝑞𝑒 = 𝐾∗𝐶0

1/𝑛
                                                   (2.9) 

 

where  Ce  = effluent solute concentration.  

 

 In order to simplify this equation, Ce is assumed to be zero. Qt can be replaced by the 

product of the number of bed volumes treated at 50% breakthrough (BV50) and Vbed, and the 

equation can be rearranged to (Corwin and Summers 2010): 
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                                      𝐾∗ =
𝐵𝑉50𝑉𝑏𝑒𝑑

𝑀𝐺𝐴𝐶
𝐶0

1−1/𝑛
=

𝐵𝑉50

𝜌𝑏𝑒𝑑
𝐶0

1−1/𝑛
=

𝐶0
1−1/𝑛

𝐶𝑈𝑅
                                   (2.10) 

   

where bed is the density of the GAC bed. Equation 2.10 illustrates that GAC bed life, as 

represented by BV50, is directly proportional to K*. In addition, the CUR is inversely 

proportional to K*. 

In the case of GAC adsorption processes, the goal of the design engineer is to maximize 

the number of bed volumes treated to breakthrough while minimizing the GAC replacement 

frequency. CUR values between 0.35-0.6 lb GAC/1000 gal (~40-70 mg GAC/L), corresponding 

to bed volumes ranging from 11,900 to 6,900 at a GAC bed density of 0.5 g/cm3 (31 lb/ft3), have 

been suggested as possible practical limits for removal of cVOCs by GAC adsorption. If the 

influent cVOC concentration to a GAC adsorber is 1 g/L, in which case K* is unaffected by the 

magnitude of 1/n, the limiting CUR values would correspond to K* values of 0.024-0.014 

(mg/g)(L/g)1/n. 

 

RAPID SMALL SCALE COLUMN TEST (RSSCT) 

The RSSCT, originally developed by Crittenden et al. (1986, 1987), is a bench-scale 

technique to estimate GAC life in a fraction of the time required to complete pilot studies. 

However, GAC fouling by background organic matter precludes direct use of RSSCT data for 

predicting full-scale GAC performance.  

Based on the principle of similitude, the RSSCT design approach relies on the pore-

surface diffusion model (PSDM) as the basis for scaling down full-scale GAC adsorbers to 

bench-scale columns. RSSCT design equations are shown in Table 2.1.  
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Table 2.1  

RSSCT design equations 

Parameter Equation Relationship 

Scaling factor (SF) 𝑺𝑭 = [
𝒅𝑷,𝑳𝑪

𝒅𝑷,𝑺𝑪
] 

Provides initial basis for 

bench scale design 

dependence on mean GAC 

particle diameters. 

Diffusion coefficient (D) 𝑫𝑺𝑪 = [𝑺𝑭]−𝑿 ∗ 𝑫𝑳𝑪 
Dependence of intraparticle 

diffusivity on particle size. 

Empty bed contact time 

(EBCT) 

𝑬𝑩𝑪𝑻𝒔𝒄 = [𝑺𝑭]𝑿−𝟐

∗ 𝑬𝑩𝑪𝑻𝑳𝑪 

𝒕𝑺𝑪 = [𝑺𝑭]𝑿−𝟐 ∗ 𝒕𝑳𝑪 

Empty bed contact time is 

related to the size of GAC in 

each adsorber and the 

dependence of intraparticle 

diffusivity on particle size. 

Design factor (DF) 𝑫𝑭 =
𝑬𝑩𝑪𝑻𝑺𝑪

𝑬𝑩𝑪𝑻𝑳𝑪
= [𝑺𝑭]𝑿−𝟐 

Provides relationship between 

scaling factor, empty bed 

contact time, intraparticle 

diffusivity, and times to run 

the large column and small 

column 

Source: Reinert (2013) and Summers et al. (2014) 

 

Parameters required in the RSSCT design equations include: 

 

 GAC particle diameter (dp) for the large column (LC) and small column (SC), 

 Intraparticle diffusivity (Ds-surface, Dp-pore), 

 Diffusivity factor (X), 

 Empty bed contact time (EBCT), 

 Run time (t).  

 

There are two common RSSCT design approaches, the constant diffusivity (CD) 

approach and the proportional diffusivity (PD) approach. In the CD-RSSCT design, the 

diffusivity factor, X, is equal to zero; i.e., intraparticle diffusivity does not depend on GAC 

particle diameter. Therefore, the design factor for the CD-RSSCT becomes Equation 2.11. 

 

                                                          𝐷𝐹 = 𝑆𝐹−2                                                                     (2.11) 

 

CD-RSSCT approach is used when target compounds are present at higher concentration 

and when little background natural organic matter is present (e.g. low TOC groundwater). 
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 PD-RSSCT approach assumed that intraparticle diffusivity is directly proportional to 

GAC particle size. As a result, the diffusivity factor, X, is equal to 1, and the design factor 

becomes: 

 

                                                          𝐷𝐹 = 𝑆𝐹−1                                                                     (2.12) 

 

 PD-RSSCT design is used to simulate NOM adsorption and may also offer advantages 

for simulating MP removal in the presence of NOM (Corwin and Summers, 2010). 

 

PORE SURFACE DIFFUSION MODEL (PSDM) 

 The PSDM in AdDesignS is a finite element model that is used to describe contaminant 

breakthrough curves. Pore diffusion and surface diffusion can occur in parallel within GAC 

particles. Therefore, a combination of pore and surface diffusion is used to describe 

breakthrough curves obtained from field-scale adsorbers and RSSCTs. Input parameters include 

adsorbate properties, adsorbent properties, kinetic parameters, and equilibrium parameters. 

Adsorbate properties can be entered manually, or, for certain adsorbates, the properties can be 

imported from the Software to Estimate Physical Properties (StEPP) database (Reinert 2013). 

The entire set of inputs for the PSDM model is shown in Table 2.2. 
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Table 2.2  

PSDM Inputs 

Type Parameter Notes 

Water 
Properties 

Pressure Entered manually or keep default 
values Temperature 

Adsorbate 
Properties 

Name 

Entered manually or imported 
through StEPP Export File 

Molecular Weight 

Molar Volume at the Normal Boiling Point 

Boiling Point 

Initial Concentration 

Liquid Density 

Solubility 

Vapor Pressure 

Refractive Index 

CAS Number 

Equilibrium 
Parameters 

Freundlich K Entered manually or estimated 
within AdDesignS Freundlich 1/n 

Kinetic 
Parameters 

Tortuosity (τ) 

Entered manually or estimated 
within AdDesignS 

Surface-to-Pore-Diffusion Flux Ratio 
(SPDFR) 

Film Mass Transfer Coefficient 

Simulation 
Parameters 

Total Run Time 
Entered manually or keep default 

values 
 

First Point Displayed 

Time Step 

Number of Axial Elements 

Number of 
Collocation 

Points 

Axial Direction 
Entered manually or keep default 

values Radial Direction 

 
Fixed Bed 
Properties 

Bed Length 

Entered manually or chosen from 
an adsorber database 

Bed Diameter 

Bed Mass 

Flow Rate 

EBCT 

Apparent Bed Density 

Bed Porosity 

Superficial Velocity 

Interstitial Velocity 

Adsorbent 
Properties 

Name 

Entered manually or chosen from 
an adsorbent database 

 

Apparent Particle Density 

Particle Radius 

Particle Porosity 

Particle Shape Factor 
Source: Reinert (2013) 



 

 19 

 

 Normalized effluent concentration (C/C0) of the target compound(s) as a function of 

GAC service time, bed volumes treated and specific throughput is the output from the PSDM.
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CHAPTER 3  

MATERIALS AND METHODS 

3.  

 

MATERIALS 

 

Water 

 

Single-solute adsorption isotherm experiments were conducted in ultra-pure water 

(UPW). In addition, rapid small-scale column tests (RSSCTs) were completed in groundwaters 

from Colorado (CO), Florida (FL), and Ohio (OH). Characteristics of each water are detailed in 

Table 3.1. 

 

Table 3.1  

Groundwater quality parameters 

 Total 

Organic 

Carbon 

(mg/L) 

Conductivity 

(S/cm) 

Hardness 

(mg/L as 

CaCO3) 

pH Alkalinity 

(mg/L as 

CaCO3) 

SUVA 

(L mg-1 

m-1) 

CO GW 1.6 800 272 7.8 338 1.35 

FL GW 3.5 300 171 7.9 120 3.00 

OH GW 0.8 N/A N/A 7.8 N/A 1.55 

N/A: not analyzed 

  

The Colorado groundwater (CO GW) was obtained from a site in Boulder County, 

Colorado from two wells that are roughly 600’ deep in the Laramie-Fox Aquifer. Once the water 

was collected, it was filtered through a 5 µm polypropylene cartridge filter (Culligan Sediment 

Cartridges; Model P5-145358). After filtration, the water was stored in a cleaned high density 

polyethylene (HDPE) barrel until use.  

The Florida groundwater (FL GW) used in this study was collected from a well field in 

the Floridian Aquifer, near Tampa Bay, FL. The water was shipped from Florida in HDPE 

barrels and then filtered through the same type of 5 µm polypropylene cartridge filters. After 

filtration, the water was stored in HDPE barrels until it was needed for experiments. 

The third groundwater was from Ohio, designated OH GW, and was collected from the 

Greater Cincinnati Water Works’ Bolton Treatment Plant, well #6, in Butler County, Ohio. The 
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OH GW uses the Great Miami Aquifer as its source. The well was always turned on at least 24 

hours prior to collecting water for the experiments. OH water was stored at 4°C in a cold room 

until needed.  

 

Activated Carbons 

 

Adsorption Isotherm Experiments. For single-solute adsorption isotherms, grab samples of 

GAC (Cabot Norit 1240, Cabot Norit HD3000, Siemens AC830C, and Calgon F830S) were 

crushed using a mortar and pestle and sieved to the desired size (>95% passing 325 US Standard 

Mesh). The pulverized GAC passing the 325 US mesh sieve was recombined with the fraction 

that did not pass the sieve to assure that no bias was introduced by eliminating activated carbon 

particles that were more difficult to crush. The pulverized GAC was dried to a constant weight in 

a forced-air oven (Fisher Scientific™ Isotemp™ Forced Air Model 750F) at 105°C, transferred 

to a PTFE-capped glass bottle, and placed in a desiccator until use (Speth et al. 2001). GACs 

prepared from three different base materials as summarized in Table 3.2. Single-solute 

adsorption isotherm data were collected with Cabot Norit 1240 for all 13 cVOCs. This GAC is 

similar in terms of physicochemical properties to the Calgon F400 GAC evaluated by Speth and 

Miltner (1990). 

 

Table 3.2 

GACs evaluated in single-solute isotherm experiments 

GAC Name Base Material Iodine # (mg/g) 

Cabot Norit 1240 Sub-bituminous coal 950 min. 

HD3000 Lignite 680 

AC830C Coconut shell 1200 

F830S Sub-bituminous coal 900 

 

 

Rapid Small-Scale Column Tests (RSSCTs). RSSCTs were conducted with Cabot Norit 400 

GAC. A grab sample of as-received GAC was crushed with a mortar and pestle, and the 100 x 

200 US mesh fraction was used in RSSCTs. 

 

Pilot-Scale Tests. Eleven GACs were evaluated during the course of two pilot studies (PS1 and 

PS2) that were conducted at the Suffolk County Water Authority (SCWA). GAC characteristics 

are summarized in Table 3.3. For the tested GACs, iodine numbers ranged from 680 mg/g for 
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GAC B to 1440 mg/g for GAC G, and bed densities ranged from 0.38 g/cm3 for GAC B to 0.62 

g/cm3 for GAC H. All GACs were 8x30 US mesh except GAC F, which was 12x30 US mesh. 

Two GACs (GAC A and GAC E) were evaluated in both virgin and reactivated form. 

 

Table 3.3 

GAC types evaluated in pilot-scale studies at SCWA 

GAC A A react. B C D E E react. F G H I 

Base 

Material* 

SC 

(reagg.) 

SC 

(reagg.) 
L CCS 

SC 

(direct) 

SC 

(direct) 

SC 

(direct) 
CCS CCS CCS CCS 

Iodine # 

(mg/g) 
900 860 680 1200 880 960 900 1100 1440 1000 1210 

Bed 

Density 

(g/cm3) 

0.56 

(PS1), 

0.61 

(PS2) 

0.58 

(PS1), 

0.55 

(PS2) 

0.38 0.48 0.49 0.46 

0.49 

(PS1), 

0.48 

(PS2) 

0.50 0.50 0.62 0.50 

* SC: subbituminous coal, L: lignite, CCS: coconut shells 

 

 

Adsorbates 

 

The cVOCs used in this study were purchased from Sigma-Aldrich (St. Louis, MO), 

SUPELCO (St. Louis, MO), Riedel-de Haën (St. Louis, MO), and RESTEK (Bellefonte, PA) as 

indicated in Table 3.5. All compounds were received in neat form, except vinyl chloride and 1,3-

butadiene, which were received in methanol at a concentration of 2000 µg/mL. Purge-and-trap 

grade methanol for cVOC standard stock solutions was obtained from Fisher Scientific 

(Pittsburgh, PA). 

able 3.4 

Compounds for standard stock solutions 

Compound 

Boiling 

Pointa 

(° C) 

Densitya 

(g/mol) 

benzene 78.8 0.873 

CT 76 1.697 

1,2-DCA 83.5 1.173 

1,2-DCP 95.5 1.116 

DCM 40 1.252 

PCE 119.1 1.653 

TCE 87.2 1.474 

VC -10.5 0.918 

1,3-butadiene -4.4 0.638 

1,1-DCA 57.3 1.168 

1,2,3-TCP 157 1.309 

1,1,1,2-TeCA 130.2 1.566 

1,1,2,2-TeCA 146.5 1.556 
aSciFinder Scholar 
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Standard stock solutions for each of the 11 cVOCs purchased in neat form were prepared 

in methanol at concentrations that would yield the desired initial concentration for adsorption 

isotherm experiments while keeping the methanol addition to the reactor at 0.1% (v/v). 

Volumes of neat compound needed for each standard stock solution were determined from the 

density of each compound (able 3.4) and the targeted initial concentration for the isotherms 

conditions (Table 3.5). The concentration of all the prepared solutions was verified by a gas 

chromatography/mass spectrometry (GC/MS). For vinyl chloride and 1,3-butadiene, as-received 

standard stock solutions (2,000 µg/mL) were used. The isotherms experiments were conducted 

immediately after the preparation of the standard stock solutions. 

 

Table 3.5 

Compounds for isotherm experiments 

Categorization Compound CASRN Supplier 

Isotherms Conditions 

Initial 

Concentration 

Maximum 

Concentration 

of MeOH 

(µg/L) (%) 

Regulated 

cVOCs 

Benzene 

 
71-43-2 Sigma-Aldrich 200 0.1 

Carbon Tetrachloride  

(CT) 
56-23-5 Sigma-Aldrich 100 0.1 

1,2 - Dichloroethane  

(1,2 - DCA) 
107-06-2 Sigma-Aldrich 100 0.1 

1,2 - Dichloropropane  

(1,2 - DCP) 
78-87-5 Sigma-Aldrich 100 0.1 

Dichloromethane  

(DCM) 
75-09-2 Riedel-de Haën 40 0.1 

Tetrachloroethylene  

(PCE) 
127-18-4 Sigma-Aldrich 200 0.1 

Trichloroethylene  

(TCE) 
79-01-6 Aldrich 200 0.1 

Vinyl Chloride  

(VC) 
75-01-4 RESTEK 40 0.08 

CCL3 cVOCs 

1,3 – Butadiene 

 
106-99-0 RESTEK 40 0.08 

1,1 - Dichloroethane  

(1,1 - DCA) 
75-34-3 SUPELCO 40 0.1 

1,2,3 - Trichloropropane 

(TCP) 
96-18-4 Aldrich 100 0.1 

Additional 

cVOCs 

1,1,1,2 - Tetrachloroethane 

(1,1,1,2 - TeCA) 
630-20-6 Sigma-Aldrich 200 0.1 

1,1,2,2 - Tetrachloroethane 

(1,1,2,2 - TeCA) 
79-34-5 Sigma-Aldrich 40 0.1 
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Glassware 

 

Glassware for single-solute isotherm experiments was rinsed with HPLC grade methanol 

(Fisher Scientific) and allowed to dry in the fume hood. Subsequently, glassware was rinsed 

three times with tap water and three times with deionized water, covered with aluminum foil, and 

placed in a 105° C drying oven (Fisher Scientific™ Isotemp™ Forced Air Model 750F). 

 

METHODS 

 

VOC Analysis 

 

Concentrations of cVOCs were determined by gas chromatography/mass spectrometry 

(GC/MS). The analytical method was based on EPA Method 524.3 for the analysis of purgeable 

organic compounds. A Varian CP-3800 GC coupled with a Varian Saturn 2200 ion trap MS was 

used to separate and quantify cVOCs. Selected-ion storage (SIS) was used to quantify 1,2,3-TCP 

while the full scan mode was used for other cVOCs. Details of the analytical method are 

described in Appendix A. Calibration curves were constructed prior to each run using a 

minimum of seven calibration standards. Quality control samples were used throughout each 

analysis. To account for possible cVOC losses during filtration of samples collected from 

adsorption isotherm bottles, all calibration standards and quality control samples were filtered 

through the same type of membrane filter used to filter samples collected from the adsorption 

isotherm bottles. All samples were analyzed in duplicate. 

 

Single-Solute Adsorption Isotherms Experiments 

 

A bottle-point method similar to that described by Speth and Miltner (1990, 1998) and 

Randtke and Snoeyink (1983) was used. Adsorbents were placed into brown glass bottles that 

were subsequently filled to the neck with ultrapure water amended with a 5 mM phosphate 

buffer (pH 7). Stock solution containing an individual cVOC was added with a constant rate 

syringe (CR-700, Hamilton, Reno, NV) to yield targeted initial cVOC concentrations as 

summarized in Table 3.5. Once a cVOC was added to a bottle, the bottle was topped off 

immediately with ultrapure water to create headspace-free conditions and capped using PTFE-

lined closures. A mixing time of 2 weeks in a rotary tumbler was used in all adsorption isotherm 
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experiments described herein; however, this contact time was likely insufficient to reach 

adsorption equilibrium at a temperature of 4°C. Upon equilibration, adsorbents were separated 

from the liquid by sedimentation and subsequent filtration through 0.45-µm PVDF membrane 

filters. 

For each cVOC, six adsorbent-free blanks were prepared. Upon preparation, three were 

mixed and immediately stored in a refrigerator at 4°C for two weeks, and three were placed on 

the rotary tumbler for two weeks along with the bottles containing activated carbon. After two 

weeks, samples were filtered in the same manner as described above. A comparison of cVOC 

concentrations showed no measurable differences between samples obtained from adsorbent-free 

bottles stored in the refrigerator and those obtained from the rotary tumbler.  

Adsorption isotherm data were described mathematically by the Freundlich isotherm equation: 

 

𝑞𝑒 = 𝐾 ∗ 𝐶𝑒

1
𝑛⁄

                                                        (3.1) 

 

where qe is the solid-phase concentration at equilibrium (mg/g), Ce is the liquid-phase 

concentration at equilibrium (μg/L), and K and 1/n are the Freundlich constants ([mg/g][L/g]1/n 

and dimensionless units, respectively). 

The liquid-phase concentration was measured using EPA method 524.3. The solid phase 

concentration was calculated from a mass balance on the isotherm reactor: 

 

𝑞𝑒 = (
𝑉

𝑚
) ∗ (𝐶0 − 𝐶𝑒)                                                 (3.2) 

 

where V is the reactor volume (L), m is the mass of carbon (mg), and C0 is the initial 

concentration (μg/L). A power regression and analysis of variance was used to determine the 

Freundlich adsorption constants (K) and their 95% confidence intervals. 

 

Rapid Small-Scale Column Tests (RSSCTs) 

 

RSSCTs were conducted at the EPA and the University of Colorado at Boulder (CU-B). 

RSSCTs were designed according to the proportional diffusivity (PD) approach in which 

intraparticle diffusivity is proportional to particle size because the PD RSSCT has been shown to 

better predict breakthrough of organic contaminants when DOC is present, as in the current 

research (Summers et al. 2014).  The GAC was packed in 1/4 in. Teflon® columns having an 
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internal diameter of 3.74 mm, providing a column diameter to particle size ratio of 34, large 

enough to avoid wall effects (U.S. EPA 1996).  The RSSCT design was based on full-scale 

EBCTs of 7.5 and 15 minutes and a hydraulic loading rate of 10 m/h.  For the 15-min EBCT, the 

scaled RSSCT EBCT was 1.76 min with a 22.5 cm bed length. The RSSCT flow rate of 1.4 

mL/min was set by the minimum allowable Reynolds number (Remin) of 0.66 for 

dichloromethane (DCM) because DCM has the highest diffusivity in water leading to the lowest 

Schmidt number (Sc) (Remin=500/Sc) (Crittenden et al. 1987). Flow rates were measured by 

timing the filling of a graduated pipette over several minutes and confirmed by weighing the 

waste carboys over longer periods.  Samples were taken regularly from a perfluoroalkoxy bag 

containing the influent solution (EPA) or directly at the influent to the columns (CU-B), the 

effluent of the 7.5 min. column and the effluent of the 15 min. column.  Sampling intervals could 

be anywhere from several per day to several per week, depending on how long a column had 

been running and when breakthrough was expected. 

 

Pilot-Scale Column Studies 

 

Pilot columns consisted of clear PVC pipe with an inside diameter of 6 inches. Upon 

construction of the pilot columns, a 22-hour holding test was conducted (groundwater in columns 

without GAC) to evaluate VOC losses to and vinyl chloride leaching from the column material. 

VOC losses and vinyl chloride appearance were not detectable after the 22-hour holding period. 

SCWA pilot columns were operated for 10-12 hours/day, matching the schedule of the well 

operation. In PS1, an EBCT of 11 minutes was evaluated with 6 GACs. The GAC bed depth in 

all columns was between 100 and 102 inches, and the hydraulic loading rate was 14 m/h. In PS2, 

an EBCT of 5.5 minutes was evaluated with 8 GACs, three of which were also evaluated in PS1. 

Column bed depths were approximately 51 inches, and the hydraulic loading rate was 14 m/h. 

Following initial loading of GAC, SCWA pilot columns were backwashed with the effluent 

water from a full-scale GAC adsorber at the pilot plant site. The backwash duration varied 

among the pilot columns due to differences in carbon fines and air bubbles present. Once the 

columns were backwashed the height of each column was measured. More GAC had to be added 

to each column to reach the targeted bed depth, in part because the moisture content of the GAC 

was not initially taken into account. 
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Samples were collected every 2 weeks for VOC analysis at the common influent 

sampling ports and at each GAC effluent sampling port. Using 40-mL EPA glass vials, samples 

were taken and analyzed in duplicate. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.  

 

Adsorption data for cVOCs were obtained from single-solute batch adsorption isotherm 

experiments and from bench- and pilot-scale column experiments conducted with different 

ground waters. Objectives of the single-solute batch adsorption isotherm experiments were to (1) 

expand by one to two orders of magnitude the aqueous phase concentration range of the isotherm 

data collected by Speth and Miltner (1990) for 10 of the 13 cVOCs, (2) determine new data for 

vinyl chloride, 1,3-butadiene, and 1,1,2,2-tetrachloroethane and (3) determine the effects of 

temperature and GAC type on Freundlich adsorption constants of 1,1-DCA, a weakly adsorbing 

cVOC, and for 1,2,3-TCP, a fairly strongly adsorbing cVOC. Objectives of the column 

experiments were to (1) assess the background water matrix and temperature effects on cVOC 

adsorption capacities and (2) to link adsorption Freundlich adsorption constants derived from 

GAC column data to those obtained in single-solute batch adsorption isotherm experiments. 

 

LITERATURE DATA AND RESULTS FROM PREDICTIVE TOOLS 

 

In contrast to the wealth of published data that can be used to derive HLCs, the 

adsorption literature is more challenging to evaluate. Adsorption isotherm experiments are 

frequently conducted with contact times that are insufficient to reach adsorption equilibrium. 

Furthermore, differences in activated carbon properties and background water matrices make 

comparisons among adsorption isotherm data and the derived Freundlich adsorption constants 

difficult. Consequently, only the single-solute adsorption isotherm data of Speth and Miltner 

(1990) are being presented for the 13 cVOCs (Table 4.1). The experimentally derived Freundlich 

adsorption constants are compared to those predicted by the Polanyi model embedded in the 

software package ADesignS in Table 4.1.  

As illustrated in Table 4.1, Speth and Miltner (1990) presented experimentally derived 

Freundlich adsorption constants for 10 cVOCs. No adsorption isotherm data were presented for 

vinyl chloride, 1,3-butadiene, and 1,1,2,2-tetrachloroethane. Freundlich adsorption constants 
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ranged from 0.0063 (mg/g)(L/g)1/n for dichloromethane to 4.1 (mg/g)(L/g)1/n for 

tetrachloroethene.  In Table 4.1, the K values of Speth and Miltner (1990) are also compared to 

Polanyi model predictions obtained from the Adsorption Design Software (ADesignS, Hand et 

al. 1999). Predictions were made using the same conditions stated in Speth and Miltner (1990); 

i.e. a temperature of 24°C and subbituminous coal-based GAC Calgon F400. Polanyi model 

predictions are dependent on the initial cVOC concentration, and an initial concentration of 5 

g/L was selected here. The majority of the adsorption capacities predicted by the Polanyi model 

are higher than those from Speth and Miltner (1990). For example, the adsorption capacities of 

tetrachloroethene are 4.1 and 12.7 (mg/g)(L/g)1/n for Speth and Miltner (1990) and the Polanyi 

model, respectively. Benzene was the only compound, for which the predicted K value was 

lower than the experimentally determined one. 

 

Table 4.1 

Comparison adsorption capacities of cVOCs between Speth and Miltner (1990) and the 

Polanyi Prediction. 

Compound 
K (Speth and Miltner, 1990) 

(mg/g)(L/µg)1/n 

K (Polanyi Prediction) 

(mg/g)(L/µg)1/n 

Currently Regulated cVOCs 

Benzene 1.3 0.80 

Carbon tetrachloride 0.39 3.9 

1,2-dichloroethane 0.13 0.15 

1,2-dichloropropane 0.31 1.7 

Dichloromethane 0.0063 0.0068 

Tetrachloroethylene 4.1 12.7 

Trichloroethylene 2.0 1.8 

Vinyl chloride - 0.057 

CCL3 cVOCs 

1,3-butadiene - 0.86 

1,1-dichloroethane 0.065 0.37 

1,2,3-trichloropropane 1.1 4.3 

Additional Compounds 

1,1,1,2-tetrachloroethane 1.1 6.7 

1,1,2,2-tetrachloroethane - 3.8 
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SINGLE-SOLUTE ADSORPTION ISOTHERM DATA 

 

To compare single-solute isotherm results in a quantitative manner, isotherms were 

described by the Freundlich model [q=K(Ce)
1/n], where q and Ce are the equilibrium solid-phase 

and liquid phase concentrations, respectively, and K and 1/n are fitting parameters. A large K 

value represents a large adsorption capacity while a large 1/n value represents a more 

homogeneous adsorbent with a narrower site energy distribution (Knappe et al. 2003). 

Single-solute adsorption isotherm experiments were conducted with pulverized Norit 1240 GAC. 

Results were compared to data from Speth and Miltner (1990), who used Calgon F400 GAC. 

Both GACs are prepared from sub-bituminous coal and have similar physical and chemical 

characteristics (Mezzari 2006).  

 

Benzene 

 

Single-solute adsorption isotherm data for benzene obtained in this study are shown in 

Figure 4.1 and compared to those obtained by Speth and Miltner (1990). The lowest equilibrium 

aqueous-phase concentration of benzene was 0.072 μg/L, a factor of 44 lower than the lowest 

concentration of 3.2 μg/L previously reached by Speth and Miltner (1990). Overall, the isotherm 

data obtained in this study suggest that the benzene adsorption capacity of the tested Norit 1240 

GAC sample was similar to that of the Calgon F400 sample evaluated by Speth and Miltner 

(1990). The Freundlich K value for the lower concentration range evaluated here (0.072 to 48 

μg/L) is 1.475 (mg/g)(L/μg)1/n with a 95% Confidence Interval (CI) of 1.245 to 1.746. For the 

higher concentration range (3.2 to 462 μg/L), the K value is 1.260 (mg/g)(L/μg)1/n with a 95% CI 

of 1.150 to 1.370 (Speth and Miltner 1990). The 1/n value of 0.467 obtained in this study was 

somewhat lower than the value of 0.533 reported by Speth and Miltner (1990). 
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Figure 4.1 Single-solute adsorption isotherms for benzene. Temperature: 23-24°C. 

 

Carbon Tetrachloride 

 

Single-solute adsorption isotherm data for carbon tetrachloride obtained in this study are 

shown in Figure 4.2 and compared to those obtained by Speth and Miltner (1990). The lowest 

equilibrium aqueous-phase concentration of carbon tetrachloride was 0.15 μg/L, a factor of 60 

lower than the lowest concentration of 9.1 μg/L previously reached by Speth and Miltner (1990). 

Overall, the isotherm data obtained in this study suggest that the carbon tetrachloride adsorption 

capacity of the tested Norit 1240 GAC sample was higher than that of the Calgon F400 sample 

evaluated by Speth and Miltner (1990). The Freundlich K value for the lower concentration 

range evaluated here (0.15-60 μg/L) is 0.657 (mg/g)(L/μg)1/n with a 95% CI of 0.549 to 0.786. 

For the higher concentration range (9.1-429 μg/L), the K value is 0.387 (mg/g)(L/μg)1/n with a 

95% CI of 0.268 to 0.558 (Speth and Miltner 1990). The 1/n value of 0.570 obtained in this study 

was similar to the value of 0.594 of Speth and Miltner (1990). 
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Figure 4.2 Single-solute adsorption isotherms for carbon tetrachloride. Temperature: 23-

24°C. 

 

1,2-Dichloroethane 

 

Single-solute adsorption isotherm data for 1,2-dichloroethane obtained in this study are 

shown in Figure 4.3 and compared to those obtained by Speth and Miltner (1990). The lowest 

equilibrium aqueous-phase concentration of 1,2-dichloroethane was 0.66 μg/L, a factor of 65 

lower than the lowest concentration of 42.8 μg/L previously reached by Speth and Miltner 

(1990). Overall, the isotherm data obtained in this study suggest that the 1,2-dichloroethane 

adsorption capacity of the tested Norit 1240 GAC sample was higher than that of the F400 

sample evaluated by Speth and Miltner (1990). The Freundlich K value for the lower 

concentration range evaluated here (0.6-34 μg/L) is 0.062 (mg/g)(L/μg)1/n with a 95% CI of 

0.056 to 0.069. For the higher concentration range (42.8-717 μg/L), the K value is 0.129 

(mg/g)(L/μg)1/n with a 95% CI of 0.081 to 0.204 (Speth and Miltner 1990). The 1/n value of 

0.810 obtained in this study was higher than the value of 0.533 of Speth and Miltner (1990). 
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Figure 4.3 Single-solute adsorption isotherms for 1,2-dichloroethane. Temperature: 23-

24°C. 

 

1,2-Dichloropropane 

 

Single-solute adsorption isotherm data for 1,2-dichloropropane obtained in this study are 

shown in Figure 4.4 and compared to those obtained by Speth and Miltner (1990). The lowest 

equilibrium aqueous-phase concentration of 1,2-dichloropropane was 0.17 μg/L, a factor of 24 

lower than the lowest concentration of 4.1 μg/L previously reached by Speth and Miltner (1990). 

Overall, the isotherm data obtained in this study suggest that the 1,2-dichloropropane adsorption 

capacity of the tested Norit 1240 GAC sample was higher than that of the F400 sample evaluated 

by Speth and Miltner (1990). The Freundlich K value for the lower concentration range 

evaluated here (0.07 to 48 μg/L) is 0.398 (mg/g)(L/μg)1/n with a 95% CI of 0.338 to 0.469. For 

the higher concentration range (4.1 to 196 μg/L), the K value is 0.313 (mg/g)(L/μg)1/n with a 

95% CI of 0.248 to 0.394 (Speth and Miltner 1990). The 1/n value of 0.661 obtained in this study 

was slightly higher than the value of 0.597 of Speth and Miltner (1990). 
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Figure 4.4 Single-solute adsorption isotherms for 1,2-dichloropropane. Temperature: 23-

24°C. 

 

Dichloromethane 

 

Single-solute adsorption isotherm data for dichloromethane (= methylene chloride) 

obtained in this study are shown in Figure 4.5 and compared to those obtained by Speth and 

Miltner (1990). The lowest equilibrium aqueous-phase concentration of dichloromethane was 2.0 

μg/L, a factor of 9 lower than the lowest concentration of 18.1 μg/L previously reached by Speth 

and Miltner (1990). Among the studied cVOCs, dichloromethane was the least adsorbable. The 

isotherm data obtained in this study suggest that the dichloromethane adsorption capacity of the 

tested Norit 1240 GAC sample was similar to that of the F400 sample evaluated by Speth and 

Miltner (1990). The Freundlich K value for the lower concentration range evaluated here (2.0 to 

35 μg/L) is 0.0034 (mg/g)(L/μg)1/n with a 95% CI of 0.000033 to 0.36. For the higher 

concentration range (4.1 to 196 μg/L), the K value is 0.0063 (mg/g)(L/μg)1/n with a 95% CI of 

0.0042 to 0.0093 (Speth and Miltner 1990). The 1/n value of 1.1 obtained in this study was 

higher than the value of 0.801 of Speth and Miltner (1990). 
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Figure 4.5 Single-solute adsorption isotherms for dichloromethane. Temperature: 23-24°C. 

 

Tetrachloroethene 

 

Single-solute adsorption isotherm data for tetrachloroethene (= tetrachloroethylene) 

obtained in this study are shown in Figure 4.6 and compared to those obtained by Speth and 

Miltner (1990). The lowest equilibrium aqueous-phase concentration of tetrachloroethene was 

0.22 μg/L, a factor of 16 lower than the lowest concentration of 3.6 μg/L previously reached by 

Speth and Miltner (1990). Among the studied cVOCs, tetrachloroethene was the most 

adsorbable. The isotherm data obtained in this study suggest that the tetrachloroethene 

adsorption capacity of the tested Norit 1240 GAC sample was similar to that of the F400 sample 

evaluated by Speth and Miltner (1990). The Freundlich K value for the lower concentration 

range evaluated here (0.2-1.3 μg/L) is 7.48 (mg/g)(L/μg)1/n with a 95% CI of 3.35 to 16.7. For 

the higher concentration range (3.6-421 μg/L), the K value is 4.05 (mg/g)(L/μg)1/n with a 95% CI 

of 3.52 to 4.67 (Speth and Miltner 1990). The 1/n value of 0.889 obtained in this study was 

higher than the value of 0.516 of Speth and Miltner (1990). 
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Figure 4.6 Single-solute adsorption isotherms for tetrachloroethene. Temperature: 23-

24°C. 

 

 

Trichloroethene 

 

Single-solute adsorption isotherm data for trichloroethene (= trichloroethylene) obtained 

in this study are shown in Figure 4.7 and compared to those obtained by Speth and Miltner 

(1990). The lowest equilibrium aqueous-phase concentration of trichloroethene was 0.14 μg/L, a 

factor of 55 lower than the lowest concentration of 7.7 μg/L previously reached by Speth and 

Miltner (1990). Overall, the isotherm data obtained in this study suggest that the trichloroethene 

adsorption capacity of the tested Norit 1240 GAC sample was higher than that of the F400 

sample evaluated by Speth and Miltner (1990). The Freundlich K value for the lower 

concentration range evaluated here (0.14 to 20 μg/L) is 2.629 (mg/g)(L/μg)1/n with a 95% CI of 

2.379 to 2.905. For the higher concentration range (7.7 to 442 μg/L), the K value is 1.996 

(mg/g)(L/μg)1/n with a 95% CI of 1.730 to 2.300 (Speth and Miltner 1990). The 1/n value of 
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0.538 obtained in this study was slightly higher than the value of 0.482 of Speth and Miltner 

(1990). 

 

 
Figure 4.7 Single-solute adsorption isotherms for trichloroethene. Temperature: 23-24°C. 

 

1,1-Dichloroethane 

 

Single-solute adsorption isotherm data for 1,1-dichloroethane obtained in this study are 

shown in Figure 4.8 and compared to those obtained by Speth and Miltner (1990). The lowest 

equilibrium aqueous-phase concentration of 1,1-dichloroethane was 0.094 μg/L, a factor of 143 

lower than the lowest concentration of 13.4 μg/L previously reached by Speth and Miltner 

(1990). Overall, the isotherm data obtained in this study suggest that the 1,1-dichloroethane 

adsorption capacity of the tested Norit 1240 GAC sample was higher than that of the F400 

sample evaluated by Speth and Miltner (1990). The Freundlich K value for the lower 

concentration range evaluated here (0.094 to 58 μg/L) is 0.105 (mg/g)(L/μg)1/n with a 95% CI of 

0.066 to 0.156. For the higher concentration range (13.4 to 559 μg/L), the K value is 0.064 
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(mg/g)(L/μg)1/n with a 95% CI of 0.052 to 0.080 (Speth and Miltner 1990). The 1/n value of 

0.679 obtained in this study was similar to the value of 0.706 of Speth and Miltner (1990). 

 

Figure 4.8 Single-solute adsorption isotherms for 1,1-dichloroethane. Temperature: 23-

24°C. 

 

1,2,3-Trichloropropane 

 

Single-solute adsorption isotherm data for 1,2,3-trichloropropane, the most potent 

carcinogen among the studied cVOCs, are shown in Figure 4.9 and compared to those obtained 

by Speth and Miltner (1990). The lowest equilibrium aqueous-phase concentration of 1,2,3-

trichloropropane was 0.094 μg/L, a factor of 36 lower than the lowest concentration of 3.4 μg/L 

previously reached by Speth and Miltner (1990). Overall, the isotherm data obtained in this study 

suggest that the 1,2,3-trichloropropane adsorption capacity of the tested Norit 1240 GAC sample 

was higher than that of the F400 sample evaluated by Speth and Miltner (1990). The Freundlich 

K value for the lower concentration range evaluated here (0.059 to 3.0 μg/L) is 3.525 

(mg/g)(L/μg)1/n with a 95% CI of 3.088 to 4.022. For the higher concentration range (3.4-791 

μg/L), the K value is 1.080 (mg/g)(L/μg)1/n with a 95% CI of 0.825 to 1.410 (Speth and Miltner 
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1990). The 1/n value of 0.422 obtained in this study was smaller than the value of 0.613 of Speth 

and Miltner (1990). 

 

 

 

Figure 4.9 Single-solute adsorption isotherms for 1,2,3-trichloropropane. Temperature: 23-

24°C. 

 

1,1,1,2 –Tetrachloroethane 

 

Single-solute adsorption isotherm data for 1,1,1,2-tetrachloroethane are shown in Figure 

4.10 and compared to those obtained by Speth and Miltner (1990). The lowest equilibrium 

aqueous-phase concentration of 1,1,1,2-tetrachloroethane was 0.056 μg/L, a factor of 36 lower 

than the lowest concentration of 1.2 μg/L previously reached by Speth and Miltner (1990). 

Overall, the isotherm data obtained in this study suggest that the 1,1,1,2-tetrachloroethane 

adsorption capacity of the tested Norit 1240 GAC sample was similar to that of the F400 sample 

evaluated by Speth and Miltner (1990). The Freundlich K value for the lower concentration 

range evaluated here (0.056 to 46 μg/L) is 1.588 (mg/g)(L/μg)1/n with a 95% CI of 1.311 to 

1.923. For the higher concentration range (1.2-738 μg/L), the K value is 1.070 (mg/g)(L/μg)1/n 
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with a 95% CI of 0.749 to 1.520 (Speth and Miltner 1990). The 1/n value of 0.511 obtained in 

this study was smaller than the value of 0.604 of Speth and Miltner (1990). 

 

 

Figure 4.10 Single-solute adsorption isotherms for 1,1,1,2-tetrachloroethane. Temperature: 

23-24°C. 

 

Vinyl Chloride 

 

Single-solute adsorption isotherm data for vinyl chloride are shown in Figure 4.11. 

Equilibrium aqueous-phase concentrations ranged from 2.2 to 42 μg/L. For the tested Norit 1240 

GAC, the Freundlich K value is 0.0066 (mg/g)(L/μg)1/n with a 95% CI of 0.0049 to 0.0090, and 

the 1/n value is 0.899. Among the studied cVOCs, vinyl chloride was the second-most weakly 

adsorbing cVOC after dichloromethane, the latter having a single-solute Freundlich K value 

about half that of vinyl chloride. 
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Figure 4.11 Single-solute adsorption isotherm for vinyl chloride. Temperature: 23-24°C. 

 

1,3-Butadiene 

 

Single-solute adsorption isotherm data for 1,3-butadiene are shown in Figure 4.12. 

Equilibrium aqueous-phase concentrations ranged from 2.0 to 35 μg/L. For the tested Norit 1240 

GAC, the Freundlich K value is 0.251 (mg/g)(L/μg)1/n with a 95% CI of 0.155 to 0.405, and the 

1/n value is 0.626. Among the studied cVOCs, 1,3-butadiene was weakly to moderately 

adsorbable, with its single-solute Freundlich K value falling between those of 1,1-dichloroethane 

and 1,2-dichloropropane. 
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Figure 4.12 Single-solute adsorption isotherm for 1,3-butadiene. Temperature: 23-24°C. 

 

1,1,2,2 –Tetrachloroethane 

 

An attempt was made to collect single-solute adsorption isotherm data for 1,1,2,2-

tetrachloroethane, but its hydrolysis with resulting TCE formation precluded the ability to 

maintain a single-solute system and to determine a single-solute Freundlich adsorption constant. 

A mass balance approach was used in conjunction with the single-solute Freundlich adsorption 

parameters for TCE to estimate adsorbed concentrations of 1,1,2,2-tetrachloroethane, but this 

approach led to a negative values.  

 

Effect of GAC Type 

 

The effect of GAC type on the Freundlich adsorption constants of 1,1-DCA, a weakly 

adsorbing cVOC, and 1,2,3-TCP, a fairly strongly adsorbing cVOC, are illustrated in Figure 4.13 

and Figure 4.14. Single-solute isotherm experiments were conducted at 23°C using four 

thermally activated GACs prepared from three different base materials (Table 3.2). Differences 

in adsorption capacities among the tested GACs varied across the range of tested equilibrium 
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aqueous-phase concentrations. Therefore, adsorption capacities were calculated at equilibrium 

aqueous-phase concentrations ranging from 0.03 to 5 g/L and compared in Table 4.2. Results 

for 1,1-DCA suggest that at the selected concentrations, the coconut shell-based AC830C has the 

highest adsorption capacity compared with the other three GACs. The same GAC was most 

effective for 1,2,3-TCP adsorption at equilibrium aqueous-phase concentrations ranging from 2 

to 5 g/L. At lower equilibrium aqueous-phase concentrations (0.03 to 1 μg/L), the 

subbituminous GAC Norit 1240 exhibited the highest 1,2,3-TCP adsorption capacities.  

 

 

Figure 4.13 Effect of GAC type on single-solute adsorption isotherms for 1,1-

dichloroethane at 23°C. 
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Figure 4.14 Effect of GAC type on single-solute adsorption isotherms for 1,2,3-

trichloropropane at 23°C. 

 

 

 

 

 

 

Table 4.2 

Adsorption capacity of different activated carbons for 1,1-DCA and 1,2,3-TCP at different 

equilibrium aqueous phase concentrations. 

Compound GAC 
q* 

(0.03 μg/L) 

q 

(0.1 μg/L) 

q 

(0.5 μg/L) 

q 

(1.0 μg/L) 

q 

(2.0 μg/L) 

q 

(5.0 μg/L) 

1,1-

Dichloroethane 

AC830C 0.021 0.045 0.126 0.196 0.304 0.545 

HD3000 0.016 0.034 0.093 0.143 0.220 0.390 

Norit 1240 0.010 0.022 0.066 0.105 0.168 0.313 

F830S 0.006 0.017 0.065 0.114 0.201 0.427 

1,2,3-

Trichloropropane 

Norit 1240 0.803 1.334 2.631 3.525 4.723 6.952 

AC830C 0.528 0.995 2.320 3.340 4.809 7.788 

HD3000 0.392 0.709 1.565 2.201 3.095 4.859 

F830S 0.361 0.697 1.681 2.456 3.588 5.923 

* Units are mg/g, value in parentheses represents equilibrium aqueous-phase concentration 
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Effect of Temperature 

 

The effects of temperature on Freundlich adsorption constants of 1,1-DCA and 1,2,3-TCP 

were assessed by conducting single-solute adsorption isotherm experiments with a 

subbituminous coal-based GAC (Norit 1240) at 4, 23 and 35°C. The temperature-dependence of 

1,1-dichloroethane adsorption isotherms is shown in Figure 4.15 and that of 1,2,3-TCP in Figure 

4.16.  

 

 

Figure 4.15 Effect of temperature on single-solute adsorption isotherms for 1,1-

dichloroethane for a subbituminous coal-based GAC (Norit 1240). 
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Figure 4.16 Effect of temperature on single-solute adsorption isotherms for 1,2,3-

trichloropropane for a subbituminous coal-based GAC (Norit 1240). 

 

Compared to the results obtained at 23°C, a decrease in cVOC adsorption capacities is 

observed over the entire range of tested equilibrium aqueous-phase concentrations at 35°C. For 

1,1-DCA, the Freundlich K value at 35°C was 32% of that determined at 23°C. Similarly, for 

1,2,3-trichloropropane, the Freundlich K value at 35°C was 47% of that determined at 23°C. 

These results agree with the exothermic nature of adsorption processes (Speth et al. 2001). 

A comparison of results obtained at 23 and 4°C suggests that adsorption equilibrium was not 

fully reached at 4°C over the tested 2-week equilibration time. Only at the lowest carbon dose 

(highest equilibrium aqueous-phase concentration) did the isotherm data obtained at 4°C exhibit 

the expected increase in adsorption capacity. 
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DETERMINATION OF K VALUES FROM PACKED BED ADSORBER DATA AND 

PORE SURFACE DIFFUSION MODEL FIT 

 

At the time the project began, a relatively straight-forward approach for describing cVOC 

breakthrough curves with the pore surface diffusion model (PSDM) was envisioned.  This 

approach was premised on previous experience with micropollutant (MP) removal from 

coagulated surface water, in which case percent MP removal is independent of the influent MP 

concentration.  In other words, for a given MP and water, MP breakthrough curves obtained with 

different influent MP concentrations overlap when Ceffluent/Cinfluent values are plotted as a function 

of bed volumes treated.  A simple approach to model such data is to employ an apparent 

Freundlich capacity parameter (K*) and a Freundlich exponent of 1 (e.g. Corwin and Summers 

2011).  However, recent data by Kempisty (2014) show that in Colorado groundwater (TOC ~ 

0.3 mg/L), normalized breakthrough curves shift to the right, i.e. towards longer service life, as 

the influent cVOC concentration decreases (Figure 4.17). Kempisty (2014) conducted rapid 

small-scale column tests (RSSCTs) with 1,2-dichloroethane (1,2-DCA) at influent concentrations 

of ~50, 5, 0.5, and 0.1 g/L.  To capture the initial concentration dependence of 1,2-DCA 

breakthrough with the PSDM, a non-linear modeling approach; i.e. 1/n < 1, is required.  The 

model ADesignS was used to describe the 1,2-DCA data set of Kempisty (2014).  Using a 

groundwater (GW) fouling correlation for halogenated alkanes (Karlsruhe GW), it was found 

that a Freundlich exponent of 0.87 described the initial concentration dependence of the 1,2-

DCA breakthrough curves reasonably well.  
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PSDM model parameters: K = 82 (μg/g)(L/μg)1/n, 1/n = 0.87, τ = 1, SPDFR = 2, Karlsruhe groundwater capacity 

fouling model for halogenated alkanes (Data from Kempisty 2014). 
 

Figure 4.17 Effect of Influent Concentration on 1,2-DCA Breakthrough in Colorado 

Groundwater. GAC: Norit 400.  
 

To robustly predict cVOC breakthrough curves with ADesignS, important questions that 

need to be answered include: 

 

1. Is the initial concentration dependence of normalized cVOC breakthrough curves (i.e. 

when C/C0 is plotted as a function of bed volumes treated) dependent on the background 

matrix of groundwater (e.g. TOC concentration)? 

2. Is the initial concentration dependence of normalized cVOC breakthrough curves 

dependent on cVOC properties?  E.g. does the initial concentration dependence 

increase/decrease with increasing cVOC adsorbability? 

 

Answering these questions was not within the scope of this research and other research 

projects in the VOC focus area. In the absence of answers to these questions, a Freundlich 
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exponent (1/n) of 0.87 was used to describe/predict breakthrough curves for other cVOCs in 

other background matrices, as shown in the subsequent sections. 

 

K VALUES DERIVED FROM PILOT-SCALE ADSORBER DATA 

 

Two pilot-scale studies (PS1, PS2) were conducted by the Suffolk County Water 

Authority (SCWA) to evaluate the effects of GAC type, GAC reactivation, and EBCT on cVOC 

removal.  Influent cVOC concentrations in the tested groundwater are summarized in Table 4.3.  

Eleven GACs prepared from bituminous coal, lignite, and coconut shells were evaluated. Among 

the bituminous coal-based GACs both direct activated and reagglomerated carbons were tested in 

virgin and reactivated states.  All GACs were thermally activated.  Breakthrough curves obtained 

for the adsorber containing virgin, direct activated, bituminous coal-based GAC (GAC E) with 

an EBCT of 5.5 minutes are summarized in Figure 4.18. 

 

Table 4.3 

cVOC concentrations in pilot-scale GAC influent 

cVOC 

Mean Influent Concentration  

(g/L) 

PS1 PS2 

1,1-dichloroethane (1,1-DCA) 2.24 2.45 

1,2-dichloroethane (1,2-DCA) 0.87 0.75 

carbon tetrachloride (CT) 0.85 0.64 

1,2,3-trichloropropane (TCP) 0.80 0.66 

trichloroethene (TCE) 3.72 3.74 

tetrachloroethene (PCE) 3.22 3.35 
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Figure 4.18 cVOC Breakthrough from Pilot-Scale Adsorber with Virgin, Direct-Activated, 

Bituminous Coal-Based GAC 

 

Freundlich adsorption constants (KPSDM) and surface-to-pore diffusion flux ratio 

(SPDFR) values for the cVOCs, for which breakthrough was observed in the pilot columns, are 

summarized in  

Table 4.4. KPSDM values are indicative of the adsorbability of a given cVOC on a given 

GAC.  In accordance with the order of breakthrough, Freundlich adsorption constants for a given 

GAC increased in the order 1,1-DCA < 1,2-DCA < CT < TCP < TCE.  
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Table 4.4 

PSDM parameters describing cVOC breakthrough curves obtained with pilot-scale GAC 

adsorbers. Water: SCWA groundwater 

cVOC GAC 

KPSDM (μg/g)(L/μg)1/n SPDFR 

Phase I 

(EBCT = 

11 min) 

Phase II 

(EBCT = 

5.5 min) 

Phase I 

(EBCT = 

11 min) 

Phase II 

(EBCT = 

5.5 min) 

1,1-DCA GAC A: Reagglomerated 

subbituminous coal (virgin) 

26.5 

 

29.6 8.5 8.5 

GAC A react: 

Reagglomerated 

subbituminous coal 

(reactivated) 

45 45 1.00E-30 5.4 

GAC B: Lignite 34 - 2 - 

GAC C: Coconut shell 1 50 - 3 - 

GAC D (vendor 1) and 

GAC E (vendor 2) Direct 

activated subbituminous 

coal (virgin) 

10.7  

(Vendor 1) 

21  

(Vendor 2) 

1.8 

(Vendor 1) 

5.7 

(Vendor 2) 

GAC E react: Direct 

activated subbituminous 

coal (reactivated) 

20.5 18.8 16 5 

GAC F: Coconut shell 2 - 55 - 7.3 

GAC G: Coconut shell 3 - 48.5 - 60 

GAC H: Coconut shell 4 - 34 - 3.8 

GAC I: Coconut shell 5 - 52.6 - 13 

1,2-DCA GAC A: Reagglomerated 

subbituminous coal (virgin) 

35.5 33 2 15 

GAC A react: 

Reagglomerated 

subbituminous coal 

(reactivated) 

67 49 1.00E-30 15 

GAC B: Lignite 51 - 0.5 - 

GAC C: Coconut shell 1 64 - 1 - 

GAC D (vendor 1) and 

GAC E (vendor 2): Direct 

activated subbituminous 

coal (virgin) 

17.8  

(Vendor 1) 

22  

(Vendor 2) 

9 

(Vendor 1) 

7 

(Vendor 2) 

GAC E react: Direct 

activated subbituminous 

coal (reactivated) 

24 20 7.5 10 

GAC F: Coconut shell 2 - 60 - 10 

GAC G: Coconut shell 3 - 48 - 40 

GAC H: Coconut shell 4 - 38 - 10 

GAC I: Coconut shell 5 - 56 - 15 
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Table 4.4 Continued 

cVOC GAC 

KPSDM (μg/g)(L/μg)1/n SPDFR 
Phase I 

(EBCT = 

11 min) 

Phase II 

(EBCT = 

5.5 min) 

Phase I 

(EBCT = 

11 min) 

Phase II 

(EBCT = 

5.5 min) 
CT GAC A: Reagglomerated 

subbituminous coal (virgin) 

153 158 3 1 

GAC A react: 

Reagglomerated 

subbituminous coal 

(reactivated) 

174 210 0.5 2.5 

GAC B: Lignite 238 - 1.00E-30 - 

GAC D (vendor 1) and 

GAC E (vendor 2): Direct 

activated subbituminous 

coal (virgin) 

128  

(Vendor 1) 

115 

(Vendor 2) 

0.8 

(Vendor 1) 

1.00E-30 

(Vendor 2) 

GAC E react: Direct 

activated subbituminous 

coal (reactivated) 

137 95 0.5 1.00E-30 

GAC F: Coconut shell 2 - 380 - 1.00E-30 

GAC G: Coconut shell 3 - 340 - 4 

GAC H: Coconut shell 4 - 187 - 1.00E-30 

GAC I: Coconut shell 5 - 400 - 1.00E-30 

TCP GAC D (vendor 1) and 

GAC E (vendor 2): Direct 

activated subbituminous 

coal (virgin) 

- 252 

(Vendor 2) 

- 30 

(Vendor 2) 

GAC E react: Direct 

activated subbituminous 

coal (reactivated) 

- 242 - 30 

TCE GAC D (vendor 1) and 

GAC E (vendor 2): Direct 

activated subbituminous 

coal (virgin) 

- 365 
(Vendor 2) 

- 30.0 

(Vendor 2) 

GAC E react: Direct 

activated subbituminous 

coal (reactivated) 

- 335 - 30.0 

PSDM model parameters: 1/n = 0.87, τ = 1, Karlsruhe groundwater capacity fouling model for halogenated 

alkanes was applied for all cVOCs except TCE, for which the fouling model for halogenated alkenes was used. 

When SPDFR = 1.00E-30, For t<=70 days, tortuosity = 1 and for t>70 days, tortuosity=0.334+0.009518*t (days). 

 

To account for GAC fouling by background organic matter, KPSDM values were adjusted 

according to correlations developed with Karlsruhe GW. These correlations can be selected in 

ADesignS for individual compound classes (e.g. halogenated alkanes, halogenated alkenes, etc.). 

To describe adsorption kinetics, SPDFR values ranging from 10-30 to 30 were used ( 
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Table 4.4), and the tortuosity was kept at a value of 1. For cases with a SPDFR of 10-30, 

the Pore Diffusion Correlation for Tortuosity was selected in ADesignS. The SPDFR values 

shown in  

Table 4.4 illustrate that surface diffusion dominated over pore diffusion for many 

adsorbate/adsorbent combinations (i.e. SPDFR > 1). An SPDFR value of 10-30 (1.00E-30) was 

used when surface diffusion was negligible. 

The Freundlich adsorption constants confirm that large performance differences exist 

among GACs, with one coconut GAC (GAC F) exhibiting a KPSDM value for 1,1-DCA that was 

approximately five times that of a direct activated bituminous coal GAC (GAC D).  Apart from 

one coconut shell-based GAC (GAC H), the coconut shell-based GACs were the most effective 

for 1,1-DCA, 1,2-DCA, and CT removal.  In contrast, the direct activated, bituminous coal-based 

GACs were the least effective for cVOC removal; they were the only carbons, for which TCP 

and TCE breakthrough was observed over the duration of the pilot study. 

 

K VALUES DERIVED FROM RSSCT DATA 

 

Adsorbability of cVOCs from Ohio Groundwater 

 

RSSCTs were conducted by EPA to evaluate the adsorbability of eleven cVOCs from 

Ohio groundwater by a subbituminous coal-based GAC (Norit GAC 400). The groundwater had 

a TOC of 0.8 mg/L and RSSCTs were conducted at room temperature (21-22°C). Full-scale 

EBCTs of 7.5 min and 15 min were simulated. Influent cVOC concentrations for the RSSCTs 

are summarized in Table 4.5. 
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Table 4.5 

Influent cVOC concentrations for EPA RSSCTs 

cVOC 
Mean Influent Concentration 

(µg/L) 

Currently Regulated cVOCs 

CT 4.0 

1,2-DCA 5.6 

1,2-DCP 4.6 

DCM 4.1 

PCE 2.7 

TCE 4.2 

CCL3 cVOCs 

1,3-Butadiene 4.1 

1,1-DCA 4.0 

1,2,3-TCP 7.3 

Additional Compounds 

1,1,1,2-TeCA 5.5 

1,1,2,2-TeCA 14.6 

 

 

Breakthrough curves obtained for a simulated EBCT of 15 minutes are shown in Figure 

4.19 along with PSDM model fits. 
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Figure 4.19 Breakthrough curves for 11 cVOCs. Results represent RSSCT data collected at 

EPA. Water: Ohio groundwater; GAC: Cabot Norit 400; simulated EBCT: 15 min. 

 

Freundlich adsorption constants (KPSDM), tortuosity (τ) and surface-to-pore diffusion flux 

ratio (SPDFR) values for the cVOCs, for which breakthrough were obtained, are summarized in 

Table 4.6. KPSDM values are indicative of the adsorbability of a given cVOC.  In accordance with 

the RSSCT data, Freundlich adsorption constants increased in the order DCM < 1,1-DCA < 1,2-

DCA < 1,2-DCP < 1,3-butadiene < 1,1,1,2-TeCA < CT < 1,2,3-TCP < TCE < 1,1,2,2-TeCA < 

PCE at both EBCTs. A clear conclusion regarding the effect of EBCT on KPSDM values for a 

given compound could not be discerned. Therefore, KPSDM and kinetic parameters (SPDFR or 

tortuosity) that resulted in the best fit of breakthrough curves at simulated EBCTs of 7.5 and 15 

minutes were averaged and summarized in Table 4.6.  
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Table 4.6  

PSDM parameters describing cVOC breakthrough curves obtained with RSSCTs.  

Water: Ohio groundwater; GAC: Cabot Norit 400 

cVOC 
KPSDM 

(μg/g)(L/μg)1/n 
SPDFR Tortuosity (τ) 

Currently Regulated cVOCs 

CT 425 

95.0 

282 

3.88 

1695 

760 

1E-30 1.2 

1,2-DCA 1E-30 2.2 

1,2-DCP 1.2 1.0 

DCM 1E-30 2.6 

PCE 1E-30 1.0 

TCE 0.75 1.0 

CCL3 cVOCs 

1,3-Butadiene 264 

72.8 

584 

1E-30 1.2 

1,1-DCA 1E-30 2.5 

1,2,3-TCP 1E-30 1.0 

Additional Compounds 

1,1,1,2-TeCA 414 

930 

1E-30 1.1 

1,1,2,2-TeCA 1E-30 1.6 
PSDM parameters: 1/n = 0.87, Karlsruhe groundwater capacity fouling model for halogenated alkanes was used 

for all cVOCs except PCE, TCE, and 1,3-butadiene, for which the Karlsruhe groundwater capacity fouling model 

for halogenated alkenes was used. 

 

 

Effect of Background Organic Matter Concentration 

 

Three groundwaters with TOC concentrations ranging from 0.8 to 3.5 mg/L were used in 

RSSCTs to assess the impact of background organic matter concentration on cVOC 

adsorbability. RSSCTs were conducted with weakly adsorbing (1,1-DCA; 1,2-DCA), moderately 

adsorbing (1,2-DCP; CT), and strongly adsorbing (1,2,3-TCP) cVOCs. Breakthrough curves 

obtained for 1,1-DCA in the three groundwaters are shown in Figure 4.20 (simulated EBCT: 15 

min). Onset of 1,1-DCA breakthrough occurred later as the background TOC concentration 

decreased (specific throughputs: ~19 L/g in FL GW, ~27 L/g in CO GW, and ~29 L/g in OH 

GW). For 1,1-DCA, KPSDM values obtained for CO GW (TOC: 1.6 mg/L) were similar to or 

lower than those obtained for OH GW (TOC: 0.8 mg/L) as shown in Table 4.7 for a simulated 

EBCT of 7.5 minutes and in Table 4.8 for a simulated EBCT of 15 minutes. 
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Figure 4.20 Breakthrough curves for 1,1-DCA in Ohio GW (0.8 mg/L), Colorado GW (1.6 

mg/L) and Florida GW (3.5 mg/L). GAC: Cabot Norit 400; simulated EBCT: 15 min.  

 

Table 4.7 

Effect of background organic matter concentration on Freundlich adsorption constants 

describing cVOC breakthrough curves obtained with RSSCTs.   

GAC: Cabot Norit 400; simulated EBCT: 7.5 min. 

cVOC 

KPSDM (μg/g)(L/μg)1/n 

OH GW CO GW FL GW 

(TOC: 0.8 mg/L) (TOC: 1.6 mg/L) (TOC: 3.5 mg/L) 

1,1-DCA 72 70 55 

1,2-DCA 85 70 ---- 

1,2-DCP 280 248 225 

CT 442 400 ---- 

1,2,3-TCP 597 764 ---- 
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Table 4.8 

Effect of background organic matter concentration on Freundlich adsorption constants 

describing cVOC breakthrough curves obtained with RSSCTs.   

GAC: Cabot Norit 400; simulated EBCT: 15 min. 

cVOC 

KPSDM (μg/g)(L/μg)1/n 

OH GW CO GW FL GW 

(TOC: 0.8 mg/L) (TOC: 1.6 mg/L) (TOC: 3.5 mg/L) 

1,1-DCA 73.5 67 58 

1,2-DCA 105 72 ---- 

1,2-DCP 285 236 ---- 

CT 408 438 ---- 

1,2,3-TCP 572 670 ---- 

 

 

 

For a simulated EBCT of 7.5 minutes, breakthrough curves for 1,2-DCP obtained in the 

three groundwaters are shown in Figure 4.21. 1,2-DCP breakthrough occurred at specific 

throughputs of ~65 L/g in FL GW, ~95 L/g in CO GW, and ~100 L/g in OH GW, illustrating 

more rapid exhaustion of the GAC adsorption capacity for 1,2-DCP as background TOC levels 

increase. For 1,2-DCP, KPSDM values were lower in CO GW compared to OH GW (by ~10% at 

an EBCT of 7.5 minutes, Table 4.7, by ~20% at an EBCT of 15 minutes, Table 4.8). 
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Figure 4.21 Effect of background organic matter concentration on 1,2-DCP breakthrough 

curves. Water: OH GW (0.8 mg/L), CO GW (1.6 mg/L) and FL GW (3.5 mg/L); simulated 

EBCT: 7.5 min; GAC: Cabot Norit 400. 

 

Breakthrough curves obtained for CT in both OH GW and CO GW are shown in Figure 

4.22. Results are shown for EBCTs of both 7.5 and 15 min. Onset of CT breakthrough occurred 

in the order CO GW (7.5 min) < CO GW (15 min) < OH GW (7.5 min) < OH GW (15 min). 

Thus, onset of CT breakthrough occurred earlier when the TOC of the groundwater was higher. 

Compared to columns operated at an EBCT of 7.5 minutes, onset of CT breakthrough occurred 

later in columns operated at an EBCT of 15 minutes. KPSDM values for the four tested scenarios 

(two GWs, two EBCTs) were within 10% and did not reflect the pattern observed when 

assessing onset of CT breakthrough. Differences in adsorption kinetics also influenced when 

onset of CT breakthrough occurred. 
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Figure 4.22 Effect of background organic matter concentration on CT breakthrough 

curves. Water: OH GW (0.8 mg/L) and CO GW (1.6 mg/L); simulated EBCTs: 7.5 and 15 

min; GAC: Cabot Norit 400. 

 

Breakthrough curves obtained for 1,2,3-TCP in both OH GW and CO GW are shown in 

Figure 4.23. Results are shown for EBCTs of both 7.5 and 15 min. Onset of TCP breakthrough 

occurred at a specific throughput of ~175 L/g for three of the tested conditions (CO GW at an 

EBCT of 15 min and OH GW at both EBCTs) and at ~200 L/g for CO GW at an EBCT of 7.5 

minutes. For both OH GW and CO GW, higher specific throughput values were obtained with a 

shorter EBCT. As shown in Table 4.7 and Table 4.8, KPSDM values for TCP were larger in CO 

GW (TOC: 1.6 mg/L) than in OH GW (TOC: 0.8 mg/L), a result that differs from that obtained 

for the more weakly adsorbing cVOCs.  
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Figure 4.23 Effect of background organic matter concentration on 1,2,3-TCP breakthrough 

curves. Water: OH GW (0.8 mg/L) and CO GW (1.6 mg/L); simulated EBCTs: 7.5 and 15 

min; GAC: Cabot Norit 400. 

 

Overall, in seven out of ten cases, the adsorption capacity, as quantified by KPSDM values 

in Table 4.7 and Table 4.8, decreased as background TOC levels increased, but changes in KPSDM 

values were often small. For three out of ten cases, KPSDM values of two relatively strongly 

adsorbing cVOCs (CT and TCP) were higher in CO GW (TOC: 1.6 mg/L) than in OH GW 

(TOC: 0.8 mg/L). 

 

 

Effect of Temperature 

 

At simulated EBCTs of 7.5 (Figure 4.24) and 15 (Figure 4.25) minutes, higher specific 

throughputs were observed at 7°C than at 23°C for the three tested cVOCs (1,1-DCA, 1,2-DCP 

and 1,2,3-TCP). For 1,1-DCA at EBCTs of both 7.5 and 15 minutes, KPSDM values at 7°C were 

approximately twice those obtained at 23°C (Table 4.9). For 1,2-DCP, the KPSDM value at 7°C 
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was almost twice that at 23°C at an EBCT of 7.5 minutes while the increase in the KPSDM value 

was 60% at an EBCT of 15 minutes (Table 4.9). The effect of temperature was smallest for 

1,2,3-TCP with adsorption capacities at 7°C being 30 and 20% higher than at 23°C for EBCTs of 

7.5 and 15 minutes, respectively (Table 4.9). 

 

 

 

 

Figure 4.24 Effect of temperature on cVOC breakthrough curves. Water: CO GW (TOC: 

1.6 mg/L); temperatures: 7°C and 23°C; simulated EBCT: 7.5 min; GAC: Cabot Norit 400. 
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Figure 4.25 Effect of temperature on cVOC breakthrough curves. Water: CO GW (TOC: 

1.6 mg/L); temperatures: 7°C and 23°C; simulated EBCT: 15 min; GAC: Cabot Norit 400. 

 

 

Table 4.9 

Effect of temperature on Freundlich adsorption constants for cVOCs  

cVOC 

KPSDM (μg/g)(L/μg)1/n 

CO GW (7°C) CO GW (23°C) 

EBCT =  

7.5 min 

EBCT =  

15 min 

EBCT =  

7.5 min 

EBCT =  

15 min 

1,1-DCA 148 160 70 70 

1,2-DCP 490 375 248 236 

1,2,3-TCP 1000 800 764 670 

 

 

 

 

 

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 50 100 150 200 250 300 350

R
el

at
iv

e 
C

o
n

ce
n

tr
at

io
n

 (
C

/C
0
)

Specific Throughput (L/g)

1,1-DCA (23°C)
1,1-DCA (7°C)
1,2-DCP (23°C)
1,2-DCP (7°C)
1,2,3-TCP (23°C)
1,2,3-TCP (7°C)

Experimental Data: Markers.
Model Fits: Lines.

EBCT=15 min



 

 64 

CONCLUSIONS 

 

 Freundlich adsorption constants were derived from literature values, single-solute 

adsorption isotherm experiments completed during this study, and from column experiments that 

were completed with different groundwaters at both the bench scale (RSSCTs) and the pilot 

scale. 

 

Single-Solute Adsorption Isotherms 

 

Single-solute adsorption isotherm experiments were completed for 12 cVOCs of 

regulatory interest. For 1,1,2,2-TeCA, adsorption isotherm data could not be collected because it 

hydrolyzes to form TCE. Adsorption capacities at equilibrium aqueous-phase concentrations 

ranging from 0.03 to 5 g/L are summarized for each cVOC in Table 4.10. Freundlich 

adsorption constants correspond to the adsorption capacities shown for an equilibrium aqueous-

phase concentration of 1 g/L. Freundlich adsorption constants (K) ranged from 0.0034 

(mg/g)(L/g)1/n for DCM to 7.5 (mg/g)(L/g)1/n for PCE. The most weakly adsorbing cVOCs 

were DCM and VC while the most strongly adsorbing cVOCs were PCE, 1,2,3-TCP, and TCE. 

At the lowest equilibrium aqueous-phase concentration shown in Table 4.10, 0.03 g/L, cVOC 

adsorption capacities spanned about 4 orders of magnitude (~7x10-5 to 0.8 mg/g). At the highest 

listed equilibrium aqueous-phase concentration, 5 g/L, cVOC adsorption capacities spanned 

about 3 orders of magnitude (0.02 to 31 mg/g). K values derived from single-solute adsorption 

isotherm experiments represent the maximum adsorption capacity that can be obtained for a 

given target compound with a given activated carbon. The K values for VC and DCM indicate 

that carbon use rates (CURs) at an equilibrium concentration of 1 g/L would exceed 150 and 

290 mg/L (1.3 and 2.4 lb/1000 gal), respectively, if the single-solute adsorption capacities could 

be reached in packed bed adsorbers treating contaminated groundwater. Such high CURs 

preclude cost-effective treatment of VC and DCM by the tested subbituminous coal-based GAC. 

K values for all other cVOCs are such that GAC treatment would be feasible if single-solute 

adsorption capacities could be achieved in field-scale operations.  
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Table 4.10 

Adsorption capacity of cVOCs at different equilibrium aqueous-phase concentrations 

Compound 
q* 

(0.03 μg/L) 

q  

(0.1 μg/L) 

q  

(0.5 μg/L) 

q  

(1.0 μg/L) 

 or K 

(mg/g)(L/g)1/n 

q  

(2.0 μg/L) 

q  

(5.0 μg/L) 

DCM 0.000069 0.00026 0.0016 0.0034 0.0073 0.020 

VC 0.00028 0.00083 0.0035 0.0066 0.012 0.028 

1,2-DCA 0.0036 0.010 0.035 0.062 0.11 0.23 

1,1-DCA 0.010 0.022 0.066 0.11 0.17 0.31 

1,3-Butadiene 0.028 0.059 0.16 0.25 0.39 0.69 

1,2-DCP 0.039 0.087 0.25 0.40 0.63 1.2 

CT 0.089 0.18 0.44 0.66 0.98 1.6 

Benzene 0.29 0.50 1.1 1.5 2.0 3.1 

1,1,1,2-TeCA 0.26 0.49 1.1 1.6 2.3 3.6 

TCE 0.40 0.76 1.8 2.6 3.8 6.2 

1,2,3-TCP 0.80 1.3 2.6 3.5 4.7 7.0 

PCE 0.33 0.97 4.0 7.5 14 31 

* Units are mg/g, value in parentheses represents equilibrium aqueous-phase concentration 

GAC: Norit 1240 (bituminous coal-based). Temperature: 22-23°C. 

 

 

 

Packed Bed Adsorber Experiments 

 

Apart from determining K values in single-solute batch adsorption isotherm experiments, 

K values were also determined from packed bed adsorber experiments conducted at the bench-

scale (RSSCTs) and the pilot scale. Data obtained with reagglomerated GAC prepared from sub-

bituminous coal served as a basis for comparisons. K values obtained from packed bed adsorber 

experiments are compared to those obtained in single-solute batch adsorption isotherm 

experiments in Figure 4.26.  
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Figure 4.26 Comparison of Freundlich adsorption constants determined for 13 cVOCs in 

single-solute adsorption isotherm experiments (this study, Speth and Miltner, 1990), 

RSSCTs in three groundwaters and at two temperatures, and one pilot study. 

 

 

For weakly to moderately strongly adsorbing cVOCs (DCM; 1,1-DCA; 1,2-DCA; 1,3-

butadiene; 1,2-DCP; CT), K values determined from single-solute adsorption isotherms closely 

matched K values determined from RSSCTs conducted with groundwaters containing TOC 

levels of 0.8 and 1.6 mg/L (Figure 4.26). In contrast, RSSCTs conducted with more strongly 

adsorbing cVOCs (1,1,1,2-TeCA; TCE; 1,2,3-TCP; PCE) exhibited lower adsorption capacities 

than those obtained in single-solute adsorption isotherms, possibly because preloading by 

background organic matter ahead of the mass transfer zone was more pronounced for the 

strongly adsorbing cVOCs. Furthermore, pilot-scale data for three cVOCs (1,1-DCA; 1,2-DCA; 

and CT) yielded K values that were approximately 30-40% of the average K values determined 

from single-solute adsorption isotherm experiments (this study and Speth and Miltner, 1990) and 

from the RSSCTs presented in this study. For 1,1-DCA, the most weakly adsorbed cVOC among 
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the three for which pilot-scale breakthrough data were obtained with a subbituminous coal-based 

GAC, the K value was 0.027 (mg/g)(L/g)1/n. At an equilibrium 1,1-DCA concentration of 1 

g/L, this K value corresponds to a CUR of 37 mg/L (~0.3 lb/1000 gal), just putting it into the 

feasible range for GAC treatment. 

 

GAC Type 

 

Differences in GAC type were evaluated both in adsorption isotherm experiments and in 

the pilot study. In adsorption isotherm experiments, four GACs (two reagglomerated 

subbituminous coal-based, one lignite-based, one coconut shell-based) were evaluated for their 

capacity to adsorb 1,1-DCA and 1,2,3-TCP. For 1,1-DCA, the effectiveness of the GACs was in 

the order coconut > lignite > subbituminous coal, and the coconut-shell based GAC exhibited a 

K value that was almost twice that of the two subbituminous coal-based GACs. For 1,2,3-TCP, 

one of subbituminous coal-based GACs and the coconut shell-based GAC exhibited the largest K 

values that were approximately 1.5 times those obtained with the other subbituminous coal-based 

GAC and the lignite-based GAC. 

Eleven GACs were evaluated in the pilot study. Large performance differences were 

observed among GACs, with one coconut GAC (GAC F) exhibiting a K value for 1,1-DCA that 

was approximately five times that of a direct activated subbituminous coal-based GAC (GAC D).  

Apart from one coconut shell-based GAC (GAC H), the coconut shell-based GACs were the 

most effective for 1,1-DCA, 1,2-DCA, and CT removal. In contrast, direct activated, 

subbituminous coal-based GACs were the least effective for cVOC removal; they were the only 

carbons, for which TCP and TCE breakthrough was observed over the duration of the pilot 

study. 

 

Temperature 

 

The effect of temperature on cVOC adsorption capacity was evaluated both in adsorption 

isotherm experiments and in RSSCTs. Adsorption isotherm experiments were completed with 

1,1-DCA and 1,2,3-TCP at temperatures of 4, 23, and 35°C. Isotherm data at 4°C likely did not 

reach adsorption equilibrium after 2 weeks of contact time. Comparing isotherm data obtained at 

23 and 35°C, higher adsorption capacities were obtained at the lower temperature. The effect of 

temperature was more pronounced for 1,1-DCA, for which the K value at 35°C was 
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approximately one-third of that obtained at 23°C. For 1,2,3-TCP, the K value at 35°C was 

approximately one-half of that obtained at 23°C. 

In RSSCTs, the effect of temperature on cVOC adsorption capacity was studied for 1,1-

DCA, 1,2-DCP, and 1,2,3-TCP. For 1,1-DCA at EBCTs of both 7.5 and 15 minutes, K values at 

7°C were approximately twice those obtained at 23°C. For 1,2-DCP, the K value at 7°C was 

almost twice that at 23°C at an EBCT of 7.5 minutes while an increase of 60% was obtained at 

an EBCT of 15 minutes. The effect of temperature was smallest for 1,2,3-TCP with adsorption 

capacities at 7°C being 30 and 20% higher than at 23°C for EBCTs of 7.5 and 15 minutes, 

respectively. 

 

Background Water Matrix  

 

Three groundwaters with TOC concentrations ranging from 0.8 to 3.5 mg/L were used in 

RSSCTs to assess the impact of background organic matter concentration on cVOC 

adsorbability. RSSCTs were conducted with weakly adsorbing (1,1-DCA; 1,2-DCA), moderately 

adsorbing (1,2-DCP; CT), and strongly adsorbing (1,2,3-TCP) cVOCs. Overall, in seven out of 

ten cases, cVOC adsorption capacities, as quantified by K values, decreased as background TOC 

levels increased, but changes in K values were often small. For three out of ten cases, K values 

of two relatively strongly adsorbing cVOCs (CT and TCP) were higher in CO GW (TOC: 1.6 

mg/L) than in OH GW (TOC: 0.8 mg/L). 
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CHAPTER 5  

APPLICATIONS/RECOMENDATIONS 

5.  

 

FREUNDLICH ADSORPTION CONSTANTS 

Using a subbituminous coal-based GAC (Cabot Norit 1240), single-solute adsorption 

isotherm data were collected at a temperature of 22-23°C for 12 cVOCs. For 1,1,2,2-TeCA, 

single-solute adsorption isotherm data could not be collected because this cVOC hydrolyzes to 

form TCE. The single-solute isotherm data were described with the Freundlich isotherm 

equation, and the resulting Freundlich adsorption constants (K) and exponents (1/n) are 

summarized in Table 5.1. In addition, K values for 10 cVOCs that were obtained at a 

temperature of 24°C with a subbituminous coal-based GAC (F400) by Speth and Miltner (1990) 

are shown in Table 5.1 for comparison. Based on the isotherm data collected in this study, the 

most weakly adsorbing cVOCs were DCM and VC while the most strongly adsorbing cVOCs 

were PCE, 1,2,3-TCP, and TCE. The K values shown in Table 5.1 range from 0.0034 

(mg/g)(L/g)1/n for DCM to 7.5 (mg/g)(L/g)1/n for PCE. K values for DCM and VC indicate 

that these two cVOCs are not amenable to GAC treatment. Two cVOCs that are relatively costly 

to treat by GAC adsorption are 1,1-DCA and 1,2-DCA. The remaining cVOCs are amenable to 

GAC treatment based on the magnitudes of their single-solute K values [0.25 (mg/g)(L/g)1/n for 

1,3-butadiene to 7.5 (mg/g)(L/g)1/n for PCE]. Because K values increase with decreasing 

temperature (Table 5.1, note that isotherm data collected at 4°C were likely not at equilibrium), 

higher K values can be expected at temperatures relevant for most groundwater treatment 

systems (~15°C). K values shown in Table 5.1 for 1,1-DCA and 1,2,3-TCP at a temperature of 

35°C likely represent lower bounds that may be encountered in systems experiencing elevated 

water temperatures. Furthermore, pilot-scale data for three cVOCs (1,1-DCA; 1,2-DCA; and CT) 

illustrate that K values for field-scale adsorbers are approximately 40% of the average value 

determined from batch adsorption isotherm experiments. 

The effect of GAC type (lignite-based HD3000, coconut shell-based AC830C, and 

bituminous coal-based F830S) was explored for 1,1-DCA and 1,2,3-TCP as shown in Table 5.1. 

Results in Table 5.1 and from the SCWA pilot study illustrate that GAC selection is critical for 
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effective cVOC removal. Large performance differences were observed among the 11 tested 

GACs, with one coconut GAC exhibiting a K value for 1,1-DCA that was approximately five 

times that of a direct activated subbituminous coal-based GAC.  Apart from one of the tested 

coconut shell-based GACs, coconut shell-based GACs were the most effective for 1,1-DCA, 1,2-

DCA, and CT removal. In contrast, direct activated, subbituminous coal-based GACs were the 

least effective for cVOC removal. 
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Table 5.1 

Summary of single-solute Freundlich adsorption isotherm constants 

ID Compound 
Temperature 

This Research Speth and Miltner (1990) 

GAC 
Ce Range 

K                 

Average      

(Lower; Upper) 

1/n                 

Average      

(Lower; Upper) 

R2 GAC 

Ce 

Range 

K                    

Average      

(Lower; Upper) 

1/n                 

Average      

(Lower; Upper) 

R2 

(°C) (µg/L) (mg/g)(L/μg)1/n (µg/L) (mg/g)(L/μg)1/n 

Currently Regulated Compounds 

1 Benzene 

23 
Norit 

1240 

0.072-48 
1.5 0.47 

0.99 

F400 

3.2-462 
1.3 0.53 

0.99 
(1.2; 1.7) (0.39; 0.54) (1.1; 1.4) (0.51; 0.56) 

2 Carbon Tetrachloride 0.15-60 
0.66 0.57 

0.99 9.1-429 
0.39 0.59 

0.94 
(0.55; 0.79) (0.49; 0.65) (0.27; 0.56) (0.51; 0.68) 

3 1,2-Dichloroethane 0.66-34 
0.062 0.81 

0.99 42.8-717 
0.13 0.53 

0.97 
(0.056; 0.069) (0.76; 0.86) (0.081; 0.20) (0.44; 0.62) 

4 1,2-Dichloropropane 0.17-28 
0.40 0.66 

0.99 4.1-196 
0.31 0.60 

0.92 
(0.34; 0.47) (0.57; 0.75) (0.25; 0.39) (0.52; 0.67) 

5 Dichloromethane 2.0-35 
0.0034 1.1 

0.98 18.1-715 
0.0063 0.80 

0.96 
(0.000033; 0.36) (0.000011-3.2) (0.0042; 0.0093) (0.72; 0.89) 

6 Tetrachloroethylene 0.22-1.3 
7.5 0.89 

0.93 3.6-421 
4.1 0.52 

0.97 
(3.3; 16.7) (0.17; 1.6) (3.5; 4.7) (0.48; 0.55) 

7 Trichloroethylene 0.14-20 
2.6 0.54 

0.99 7.7-442 
2.0 0.48 

0.98 
(2.4; 2.9) (0.48; 0.60) (1.7; 2.3) (0.45; 0.52) 

8 Vinyl Chloride 2.2-42 
0.0066 0.90 

0.99 N/A 
(0.0049; 0.0090) (0.78-1.0) 

CCL3 Compounds 

9 1,3-Butadiene 23 
Norit 
1240 

2.0-55 
0.25 0.63 

0.94 N/A 
(0.16; 0.40) (0.40; 0.85) 

10 

1,1-Dichloroethane 

23 

HD3000 0.058-44 
0.14 0.62 

0.99 

F400 13.4-559 
0.064               

(0.052; 0.080) 
0.71              

(0.66; 0.75) 
0.98 

(0.12; 0.17) (0.56; 0.69) 

11 AC830C 0.13-39 
0.20 0.64 

0.99 
(0.18; 0.21) (0.59; 0.68) 

12 F830S 0.13-35 
0.11 0.82 

0.99 
(0.10; 0.13) (0.76; 0.88) 

13 

Norit 

1240 

0.094-58 
0.11 0.68 

0.99 
(0.066; 0.16) (0.39; 0.75) 

14 4 °C 0.21-28 
0.078 1.0 

0.99 

N/A 
(0.064; 0.095) (0.88; 1.1)  

15 35 °C 0.48-37 
0.034 0.80 

0.99 
(0.031-0.038) (0.74-0.86) 
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ID Compound 
Temperature 

This Research Speth and Miltner (1990) 

GAC 
Ce Range 

K                 

Average      

(Lower; Upper) 

1/n                 

Average      

(Lower; Upper) 

R2 GAC 

Ce 

Range 

K                    

Average      

(Lower; Upper) 

1/n                 

Average      

(Lower; Upper) 

R2 

(°C) (µg/L) (mg/g)(L/μg)1/n (µg/L) (mg/g)(L/μg)1/n 

16 

1,2,3-

Trichloropropane 

23 

HD3000 0.089-9.0 
2.2 0.49 

0.99 

F400 3.4-791 
1.1              

(0.83-1.4) 
0.61              

(0.55-0.68) 
0.97 

(2.1; 2.3) (0.46; 0.53) 

17 AC830C 0.042-3.0 
3.3 0.53 

0.99 
(3.3; 3.4) (0.51; 0.54) 

18 F830S 0.034-5.0 
2.5 0.55 

0.99 
(2.2; 2.7) (0.50; 0.60) 

19 

Norit 
1240 

0.059-3.0 
3.5 0.42 

0.99 
(3.1; 4.0) (0.35; 0.50) 

20 4 °C 0.055-12 
2.2 0.68 

0.99 

N/A 
(2.0; 2.4) (0.62; 0.73) 

21 35 °C 0.048-22 
1.7 0.59 

0.99 
(1.5; 1.8) (0.54; 0.64) 

Additional cVOC 

22 
1,1,1,2-

Tetrachloroethane 
23 

Norit 

1240 
0.056-46 

1.6 0.51 
0.99 F400 1.2-738 

1.1 0.60 
0.96 

(1.3-1.9) (0.43-0.60) (0.75; 1.5) (0.52; 0.69) 
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TREATMENT IMPLICATIONS 

Based on HLC values obtained from Ingham (2014), seven of the eight currently 

regulated cVOCs and two of the three CCL3 compounds exhibit HLCs that make them amenable 

to removal by PTA (Hcc,10°C > 0.05, Figure 5.1). One of the currently regulated compounds (1,2-

DCA), the CCL3 compound 1,2,3-TCP; and the two additional compounds 1,1,1,2-TeCA and 

1,1,2,2,-TeCA are considered to be poorly strippable.  

For the four cVOCs that are not amenable to removal by PTA, Freundlich adsorption 

constants indicate that GAC adsorption is a feasible treatment option. Among the four cVOCs in 

the GAC-only treatment category, CURs are expected be highest for 1,2-DCA (~36 mg/L or 0.23 

lb/1000 gal based on SCWA pilot data). It should also be noted, that removal of 1,1,2,2-TeCA 

will occur at least in part by hydrolysis to TCE. For the seven cVOCs that are amenable to both 

PTA and GAC treatment, the cost-effectiveness of each process will differ based on the relative 

volatility and adsorbability of each cVOC. Volatility increases in the order 1,2-DCP < 1,1-DCA 

~ benzene < TCE < PCE < CT < 1,3-butadiene and adsorbability increases in the order 1,1-DCA 

< 1,3-butadiene < 1,2-DCP < CT < benzene < TCE < PCE.  

 
*removal occurs at least partially via hydrolysis to TCE 

 

Figure 5.1 Categorization of cVOCs in terms of treatment options based on HLCs and 

Freundlich adsorption constants. PTA was considered a viable treatment option for cVOCs 

with Hcc,10°C  > 0.05 and GAC was considered a viable treatment option for cVOCs with K > 

0.02 (mg/g)(L/μg)1/n. 

Amenable	to	Removal	by	Granular	
Activated	Carbon	Adsorption	

benzene

carbon	tetrachloride

1,2-dichloroethane

1,2-dichloropropane
dichloromethane tetrachloroethene

trichloroethene

vinyl	chloride

1,3-butadiene

1,2,3-
trichloropropane

1,1,1,2-
tetrachloroethane

Amenable	to	Removal	by	
Packed	Tower	Aeration

1,1-dichloroethane

1,1,2,2-
tetrachloroethane*
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LIST OF ACRONYMS AND ABBREVIATIONS 
 

 

1,1-DCA   1,1-dichloroethane 

1,1,1,2-TeCA   1,1,1,2-tetrachloroethane 

1,1,2,2-TeCA   1,1,2,2-tetrachloroethane 

1,2-DCA   1,2-dichloroethane 

1,2-DCP   1,2-dichloropropane 

1,2,3-TCP   1,2,3-trichloropropane 

 

ADesignS  Adsorption Design Software 

 

BAT    best available technology 

 

C   degrees Celsius 

C    adsorber effluent concentration 

Ce    aqueous-phase concentration at equilibrium 

C0    initial aqueous-phase concentration (isotherms) or adsorber    

   influent concentration 

Cs   aqueous solubility 

CCL3   third contaminant candidate list 

CI   confidence interval 

CO    Colorado 

CT   carbon tetrachloride 

CUR    carbon use rate 

cVOC    carcinogenic volatile organic compound 

 

DCM    dichloromethane 

DOM    dissolved organic matter 

DWS   Drinking Water Strategy 

 

EBCT    empty bed contact time 

EDB    ethylene dibromide 

EPA   Environmental Protection Agency 

EPI    Estimation Program Interface 

 

FL    Florida 

 

GAC   granular activated carbon 

GC/MS  gas chromatography/mass spectrometry 

 

Hcc   dimensionless Henry’s law constant 

HLC    Henry’s Law constant 
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IRIS    Integrated Risk Information System 

 

K    Freundlich adsorption parameter – indicates adsorption capacity 

K*   apparent capacity parameter 

Kow    octanol water partition coefficient 

KPSDM   Freundlich adsorption constants for packed bed adsorbers –   

   derived from pore surface diffusion model 

 

ILL   Illinois 

IS   internal standard 

 

MS   mass spectrometry 

MTZ   mass transfer zone 

 

1/n                               Slope of adsorption isotherm – indicates adsorption site energy  

heterogeneity 

 

LSER   linear solvation energy relationship 

 

OH    Ohio 

OM   organic matter 

 

PCE    tetrachloroethene = tetrachloroethylene 

PD   proportional diffusivity 

PSDM    pore surface diffusion model 

PTA    packed tower aeration 

P&T   purge-and-trap 

 

q   solid-phase concentration 

qe    solid-phase concentration at equilibrium 

Q-ion   quantitation ion 

 

RSSCT   rapid small-scale column test 

 

SCWA   Suffolk County Water Authority 

SIS   selected-ion storage 

SPDFR  surface-to-pore diffusion flux ratio 

SSS   standard stock solution 

StEPP   Software to Estimate Physical Properties 

 

TCE    trichloroethene = trichloroethylene 

TOC    total organic carbon 

τ   tortuosity 

 

UPW   ultrapure water 

UVA254  ultraviolet absorbance measured at 254 nm 
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VC    vinyl chloride 

VOC   volatile organic compound 
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APPENDIX A 

GAS CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS) 

METHOD  

A gas chromatography/mass spectrometry (GC/MS) method was set up for cVOC 

analysis at NC State University. Following Method 524.3, cVOCs were separated from 

headspace-free aqueous samples by a purge-and-trap (P&T) autosampler and then analyzed by 

GC/MS. Calibration was performed by relating each response factor (analyte peak area divided 

by internal standard peak area) to the corresponding analyte concentration of a calibration 

standard. Table A.1 summarizes the internal standard (IS) reference, retention time, and 

quantitation ion (Q-ion) mass/charge ratios while Table A.2 summarizes Q-ions and 

corresponding IS references for each cVOC analyte. 

 

Table A.1 

Internal standards 

Internal Standard IS Reference 
Retention Time 

Q-Ion 
(min) 

1,4-Difluorobenzene 1 7.20 114 

chlorobenzene-d5 2 10.60 117 

1,4-Dichlorobenzene-d4 3 12.54 152 

 

 

Table A.2 

Quantitation ions and internal standard references for each cVOC analyte 

cVOC Category Substance Name Q-Ion IS Reference 

Regulated cVOCs 

Benzene 78 1 

Carbon Tetrachloride (CT) 117 1 

1,2 - Dichloroethane (1,2 - DCA) 62 1 

1,2 - Dichloropropane (1,2 - DCP) 63 1 

Dichloromethane (DCM) 84 1 

Tetrachloroethylene (PCE) 166 2 

Trichloroethylene (TCE) 132 1 

Vinyl Chloride (VC) 62 1 

CCL3 cVOCs 

1,3 - Butadiene 54 1 

1,1 - Dichloroethane (1,1 - DCA) 63 1 

1,2,3 - Trichloropropane (1,2,3 - TCP) 110 3 

Additional cVOCs 
1,1,1,2 - Tetrachloroethane (1,1,1,2 - TeCA) 131 2 

1,1,2,2 - Tetrachloroethane (1,1,2,2 - TeCA) 83 3 
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Specific parameters for the P&T and GC/MS were optimized for the ion trap instrument 

used in this research as described below. 

 

The P&T system used in this research was a Stratum AQUATEK 100 (Teledyne 

Tekmar). The sample injection volume was 5 mL, and the specific settings of the P&T system 

that differ from EPA Method 524.3 are summarized in Table A.3. All P&T parameters are within 

the recommended ranges listed in Table 4 of Method 524.3 (U.S. EPA 2009). 

 

Table A.3 

P&T system parameters in EPA Method 524.3 and in this research 

Parameter EPA method 524.3 conditions Conditions for this study 

Sample purge 

temperature 
Ambient 35 °C 

Trap Tekmar #9 Tekmar K (Vocarb 3000) 

Desorb 

preheat 

temperature 

250 °C 245 °C 

Desorb cycle 260 °C for 1.0 min 250 °C for 1.0 min 

Bake rinse 

cycles 

Sparging vessel and autosampler  

sample path rinsed twice. 

Sparging vessel and 

autosampler sample path 

rinsed three times. 

Bake cycle 280 °C for 4 min @ 200 mL/min 
270 °C for 6 min @ 200 

mL/min 

 

Specific settings of the GC/MS system that differed from EPA Method 524.3 are listed in 

Table A.4. In part, settings differed because an ion trap MS rather than a quadrupole MS was 

used in this study. Some settings were also changed because we are focusing the analytical 

method on the 13 cVOCs shown in Table A.2 rather than the complete list of EPA Method 524.3 

analytes. 
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Table A.4 

GC/MS parameters in EPA Method 524.3 and in this research 

Parameter EPA Method 524.3 Conditions Conditions for this study 

Column 
Restek Rtx®-VMS 30 meter, 0.25 

mm i.d., 1.4 μm df. 

Agilent VF-624ms, 30 meter, 

0.25 mm i.d., 1.4 μm df. 

Inlet liner 1-mm i.d. 0.75-mm i.d. 

Inlet conditions 
30:1 split ratio, 200 °C, column 

flow rate: 0.9 mL/min. 

40:1 split ratio, 260 °C, column 

flow rate: 

1.0 mL/min. 

GC temperature program 

45 °C for 4.5 min, 12 °C/min to 100 

°C, hold 0 min, 25 °C/min to 240 

°C, hold 1.32 min. 

35 °C for 2 min, 10 °C/min to 

155 °C, hold 0 min, 

50 °C/min to 240 °C, hold 

3 min. 

Solvent delay 
1.5 min before activating filaments 

in the electron impact source. 

2 min before activating 

filaments in the electron impact 

source. 

MS source temperature 230 °C 190°C 

MS analyzer Quadrupole Ion trap 

GC/MS interface 240 °C 220°C 

Full scan window 1 m/z 47 to 300 (1.5 to 2.9 min) 

m/z 50 to 170 (2 to 12 min) 

Scanned in non-SIS mode. 

Emission current 100 µA; 

multiplier offset 200 V; scan 

time 0.4 sec; ion storage level 

48.0 m/z; ion time factor 100%; 

target TIC 20000 counts; 

prescan ionization time 100 

µsec; background mass 45 m/z; 

RF dump value 650.0 m/z. 

Full scan window 2 

m/z 35 to 300 (2.9 min to 

16 min) 

m/z 50 to 160 (12 min to 

14 min). 

Scanned in SIS mode for m/z 

74-85, 95-104, 109-116 and 

148-156. Emission current 100 

µA; multiplier offset 200 V; 

scan time 0.6 sec; ion storage 

level 48.0 m/z; ion time factor 

100%; target TIC 20000 counts; 

prescan ionization time 1500 

µsec; background mass 45 m/z; 

RF dump value 650.0 m/z; 

waveform amplitude 25.0 V. 
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Method reporting limits for each of the thirteen cVOCs as well as their retention times 

are summarized in Table A.5. 

 

Table A.5 

Reporting limits and retention times for cVOCs 

cVOC Category Substance Name 
Reporting Limit Retention Time 

(ng/L) (min) 

Regulated cVOCs 

Benzene 30 6.38 

Carbon Tetrachloride (CT) 80 6.14 

1,2-Dichloroethane (1,2-DCA) 30 6.46 

1,2-Dichloropropane (1,2-DCP) 80 7.44 

Dichloromethane (DCM) 80 4.06 

Tetrachloroethylene (PCE) 30 9.29 

Trichloroethylene (TCE) 30 7.12 

Vinyl Chloride (VC) 200 2.14 

CCL3 cVOCs 

1,3-Butadiene 500 2.19 

1,1-Dichloroethane (1,1-DCA) 30 4.83 

1,2,3-Trichloropropane (1,2,3-TCP) 30 12.36 

Additional cVOCs 
1,1,1,2-Tetrachloroethane (1,1,1,2-TeCA) 30 10.61 

1,1,2,2-Tetrachloroethane (1,1,2,2- TeCA) 30 11.84 
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Figure A.1 shows representative calibration curves using the analytical method described 

in this report as a demonstration. 

 

 

 
Figure A.1 Example calibration curves for benzene, 1,1-dichloroethane, 1,2,3-TCP, and 

carbon tetrachloride. 

 

 


