
ABSTRACT 

AUNG, MYAT THANDAR. Biochar Adsorption of Per- and Polyfluorinated Alkyl Substances 

from Groundwater, Surface water, and Wastewater: Pilot and RSSCT Column Study to Access 

Scale-up Approaches and Use of UVA-254 and Fluorophores as Surrogates (Under the direction 

of Dr. Joshua Kearns). 

 

 Biochar, a carbonized biomass, has shown promise as a low-cost adsorbent for control of 

organic chemical micropollutants in ways that can be deployed in decentralized and low-resource 

settings. Few studies to-date have quantified biochar uptake of per/polyfluoroalkyl substances 

(PFASs), though these pollutants impact water sources around the world. Accordingly, the 

objectives of this work were to (1) determine the feasibility of biochar treatment for short-chain 

PFASs in different water matrices, (2) evaluate bench-scale experimental and modeling 

approaches for simulating full-scale biochar water treatment systems, and (3) define a surrogate 

approach for monitoring biochar bed lifecycle for treatment of PFASs in the field. This study 

focused primarily on short-chain ( < 8 and < 6 carbon equivalent chain length for perfluoroalkyl 

carboxylic acid and 6 for perfluoroalkyl sulfonic acid respectively) because short-chain PFASs are 

becoming more prevalent in the environment due to their use as replacements for perflurooctane 

sulfonic acid (PFOS), perfluorooctanoic acid (PFOA) and other long-chain congeners. 

 In order to design and predict breakthrough of PFASs in household and community-scale 

biochar filters, pilot columns, constant diffusivity, and proportional diffusivity rapid small-scale 

column tests (CD-RSSCT and PD-RSSCT) were conducted in groundwater containing dissolved 

organic matter (DOM) at concentration of 2.8 mg/L dissolved organic carbon (DOC), surface 

water containing DOM at 4.5 mg/L DOC, and wastewater containing DOM at 5.8 mg/L DOC. The 

result from pilot columns in groundwater and surface water showed that ≥90% PFASs removal 

was achieved up to equivalent biochar bed lifecycles of 7 days and 3 months for household and 



community treatment systems, respectively, for select PFASs compounds. Bed lifecycles of 7 days 

and 3 months correspond to normalized throughput of 336 bed volumes (BV). The treatment 

objective of ≥90% PFASs removal at 336 BV was chosen because a shorter bed lifecycle might 

be considered uneconomical or overly labor-intensive. In groundwater experiments this criterion 

was met for perfluoropentanoic acid (PFPeA), GenX, perfluoro-4-methoxybutanoic acid 

(PFMOBA), perfluorohexanoic acid (PFHxA), perfluorobutanesulfonic acid (PFBS), 

perfluoroheptanoic acid (PFHpA), perfluotopentane sulfonic acid (PFPeS), and perfluorohexane 

sulfonic acid (PFHxS). In surface water experiments this criterion was met for, PFHpA, PFPeS, 

and PFHxS. As of this writing, samples collected from wastewater pilot column experiments have 

not been analyzed due to laboratory shutdown. CD-RSSCT column experiments with wastewater 

are discussed here as a stand-in until pilot column data become available. The treatment criterion 

was not met for and PFASs in CD-RSSCT experiments with wastewater.  

RSSCTs directly and/or in combination with different mass transfer modeling approaches 

are common bench-scale methods for simulating treatment performance of full-scale adsorbers. 

However, it is still challenging for these methods to accurately simulate micropollutant 

breakthrough in full-scale systems. This study determined whether different RSSCT, mass transfer 

model parameterization, and empirical approaches could simulate PFASs breakthrough within 

±20% of the treatment capacity of pilot columns. Applying an empirical linear regression to CD-

RSSCT data was the most accurate method, predicting pilot breakthrough of all PFASs within 

±20% in groundwater and surface water experiments.  

It is often expensive and/or logistically infeasible to monitor individual PFASs in 

decentralized small community and household water treatment systems. Therefore, this study 

evaluated the use of ultraviolet (UV) spectroscopy parameters – the absorbance of UV light at a 



wavelength of 254 nm (UVA-254), and UV-fluorescence excitation-emission peaks A and C – as 

surrogates for biochar bed-life. The results showed that peak C displayed the most consistent 

relationship with PFASs breakthrough in the different water types, followed by UVA-254 and 

peak A.  
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Chapter 1: Introduction 

1.1   Background on per/poly fluoroalkyl substances (PFASs) 

Water pollution is a worldwide challenge for environmental health for both humans and 

biota in the twenty-first century, especially surface and ground water pollution from increasing 

synthetic and natural chemical pollution (Schwarzenbach et al, 2006). One group of synthetic 

organic chemicals (SOCs) that is gaining increasing research attention is per/poly-fluoroalkyl 

substances (PFASs) due to their persistence, bioaccumulative potential, and worldwide prevalence 

(Houde et al, 2011). Due to their highly polar and strong bonds, PFASs are resistant to heat, acids, 

bases, reducing agents, oxidants, as well as photolytic, microbial, and metabolic degradation 

processes (Rahman, Peldszus, & Anderson, 2013; Kupryianchyk et al, 2016), making them 

persistent in the environment. PFASs are widely used in textiles and leather, carpets, metal plating, 

paper and packaging, coating additives, cleaning products, firefighting foams, and pesticides due 

to their stability and ability to act as surfactants (Kunacheva et al., 2009; Hongkachok et al., 2017). 

Due to their high solubility, PFASs are most likely to accumulate in water rather than the gaseous 

state or adsorbed to soils and sediments (Appleman et al, 2013). They have been frequently 

detected in wastewater, drinking water, tap water, surface water, and groundwater (Hongkachok 

et al., 2017) as well as wildlife and humans (Lam et al, 2017, Giesy & Kannan, 2001, Lau et al, 

2007).  

 

1.1.1   Replacement of long-chain PFASs 

A subset of PFASs is the perfluoroalkyl acids (PFAAs) which include perfluoroalkyl 

carboxylic acid (PFCA) and perfluoroalkyl sulfonic acid (PFSA). PFAAs are highly resistant to 

biodegradation and stable in both water and soil, making them highly persistent in the 
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environment. Long-chain PFAAs such as perfluorooctane sulfonic acid (PFOS), perfluorooctanoic 

acid (PFOA) and longer-chain compounds were phased out or highly regulated due to their toxicity 

and widespread detection in environment, human and wildlife (Appleman et al, 2014). PFOA and 

PFOS are ubiquitous in the global environment and they raised concerned for their persistence and 

their health impact on immune system, thyroid disease, and low birth weight (EPA, n.d). This 

resulted in PFOS and PFOA being phased out by the 3M company, in the USA in 2000-2002 (Lam 

et al., 2017) and eight major fluorochemical manufacturers had committed to EPA stewardship 

programs to stop producing and using PFOA, precursors compounds and long-chain compounds 

(8 carbons and above) (EPA, 2006). EPA made the drinking water health advisories level (HAL) 

of combined or individual concentration of 70 ng/L for PFOA and PFOS (EPA, 2016). Canada, 

Norway, and Germany also either regulated or banned PFOA, PFOS and long-chain 

fluorochemicals (Li et al, 2020). However, due to the industrial usefulness of PFASs, shorter-chain 

PFAAs and per/poly-fluorinated ether acids (PFEAs), which have C-O bonds substituted in the 

carbon backbone, have become replacements for long-chain PFASs. It has been hypothesized that 

human and animals excrete these replacement compound faster than the long-chain PFAAs 

(Appleman et al, 2014; Bentel et al, 2020; Li et al, 2020; Strynar et al, 2015). Perfluorobutane 

sulfonic acid (PFBS), a short chain PFAA, and GenX (ammonium salt of perfluoro-2-

propoxypropanoic acid), a short chain PFEAs have been used instead of PFOS and PFOA, 

respectively. This thesis took the definition of short chain carbon defined by U.S. EPA as less than 

eight carbon chain length for perfluoroalkyl carboxylic acids (PFCA) and less than six carbons for 

perfluoroalkyl sulfonic acid (PFSA) (Li et al, 2020).  As the use of short chain PFASs becomes 

more common, they are becoming more prevalent in the environment. Also, the breakdown of long 

chain PFASs in the environment can produce short-chain PFASs (Ateia et al, 2019). Research with 
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activated carbon suggests that adsorption of short-chain PFASs is more difficult compared to the 

long-chain PFASs (Appleman et al, 2014; Mcleaf et al, 2017; Zaggia et al, 2016; Herkert et al, 

2020). Moreover, they also pose a challenge to the current treatment technologies because they are 

more recalcitrant than their long chain PFASs (Li et al, 2020, Zaggia et al, 2016), which is 

concerning for human and environmental health.  

 

1.1.2   Health effects of short-chain PFASs 

Exposure to PFASs include contaminated drinking water (major exposure), dietary intake 

food, inhalation of dust, household products containing PFASs, protective sprays, and waxes sold 

as consumer products (Appleman et al, 2014; EPA, 2019; Li et al, 2020). Although short-chain 

PFASs have been suggested to be less toxic than PFOA, PFOS, and their longer chains 

agglomerates, GenX have been reported to be associated with health effects on kidney, liver, 

immune system, developing fetus, liver, and cancer (EPA, 2019). Although it may be true that 

short-chain PFASs can be less toxic and has less bioaccumulative potential because short-chain 

PFASs are more hydrophilic and water soluble than their long chain PFASs (Zaggia et al, 2016), 

they are more persistent in water and the environment, and are prone to long range transport and 

contamination (Brendel et al, 2018). Li et al (2020) also reviewed that short chain PFASs such as 

perfluorobutanoic acid (PFBA), perfluorobutane sulfonic acid (PFBS), perfluorohexanoic acid 

(PFHxA), perfluoropentanoic acid (PFPeA), and perfluoroheptanoic acid (PFHpA) were detected 

in aquatic environment, soil and sediments, atmosphere, sea water, snow and ice we well as sewage 

sludge in China, US, Europe, Canada, Artic and Pacific oceans at concentrations ranging from no 

detection to thousands of ng/L. Gen X, a short chain PFEA, has been detected in tributaries of 

Cape Fear River in 2012, where the production of GenX, the Chemous chemical plant is located  
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(Strynar et al, 2015) and also found in rainwater and atmosphere (NCDEQ 2018a, 2018b). Sun et 

al (2016) detected GenX concentration as high as 4,500 ng/L at the drinking water intake for the 

City of Wilmington, downstream of Cape Fear River. Along with GenX, other short chain PFASs 

such as Perfluoro-3-methoxypropanoic acid (PFMOPrA), Perfluoro-2-ethoxypropanoic acid 

(PEPA), and Perfluoro-4-methoxybutanoic acid (PFMOBA) were also detected in the Cape Fear 

River, North Carolina (Hopkins et al, 2018).  

PFBS has also been found to have health effect on thyroid, kidney, developing fetus and 

reproductive organs (EPA, 2019). Toxicity data are available more on PFOS and PFOA compared 

to short chain PFAAs and other PFEAs. The concerns about GenX exposure has been raised and 

in 2017, North Carolina, US issued a provisional drinking water health goal of GenX as <140 ng/L 

(EPA 2019). As the short chain PFASs are becoming widespread in the environment and may also 

pose the health risks, more safety regulations and toxicological assessment become necessary. This 

study will investigate the adsorption of two short-chain and one long-chain PFSA (PFBS C4, 

PFPeS C5, PFHxS C6), three short-chain PFCAs (PFPeA C5, PFHxA C6, PFHpA C7), and three 

short-chain branched and two short-chain linear PFEAs (PMPA C4, PEPA C5, GenX C6 and 

PFMOPrA C4, PFMOBA C5) due to their prevalence and health impacts. In addition, they can 

provide a conservation treatment system design and bed life because they are difficult to remove 

from water.  

 

1.1.3 PFASs occurrence in Southeast Asia 

Although many studies of PFASs were focused on the West and China, manufacturing, and 

utilization of fluorochemicals have been growing in Asia Pacific region (Lam et al., 2017), 

including developing countries in South East Asia (Kunacheva et al., 2009). Rapid 
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industrialization, urbanization, and population growth together with lack of municipal and 

industrial wastewater treatment plants are the common causes of water pollution in many parts of 

Southeast Asia (Jalilov, 2016). Apart from China, there are few studies on the occurrence of PFASs 

in SE Asian countries. Tables 1, 2, and 3 summarize the currently available literature on PFASs 

concentrations found in surface water, well water, and wastewater in Southeast Asia. Web of 

Science and google scholar were used as search engines, and search terms such as “Perfluoroalkyl 

substances in Vietnam”, “fluorochemical *AND Cambodia”, “PFASs AND Thailand”, 

“PFOS/PFOA AND Laos”, “perfluoro *AND Malaysia”, “PFC AND Philippines” etc. No 

occurrence studies for PFASs in aquatic environment were found for Philippines, Cambodia, Laos, 

Brunei, and Myanmar. More literature resources were also found from the references of the 

journals. Among the detected PFASs, PFOA and PFOS were found to have the highest 

concentration in surface water, well water, and wastewater compared to short chain PFASs. More 

occurrence studies are needed to investigate the prevalence of short-chain and ether PFASs in 

Southeast Asia.  
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Table 1.1 Comparison of PFASs detection (ng/L) in surface water in SE Asian countries. 

ND means no detection and detected concentrations are described as minimum to maximum or 

mean concentration. PFPeA (perfluoropentanoic acid), PFHxA (perfluorohexanoic acid), PFHpA 

(perfluoroheptanoic acid), PFOA (perfluorooctanoic acid), PFNA (perfluoronanoic acid), PFBS 

(perfluorobutane sulfonic acid), PFHxS (perfluorohexane sulfonic acid), PFHpS 

(perfluoroheptanoic acid), PFOS (perfluorooctane sulfonic acid). 

 

 
 

Table 1.2 Comparison of PFASs detection (ng/L) in well water in SE Asian countries: ND 

means no detection and detected concentrations are described as minimum to maximum or mean 

concentration. PFBA (perfluorobutanoic acid), PFHxA (perfluorohexanoic acid), PFHpA 

(perfluoroheptanoic acid), PFOA (perfluorooctanoic acid), PFNA (perfluoronanoic acid), PFDA 

(perfluorodecanoic acid), PFHxS (perfluorohexane sulfonic acid), PFOS (perfluorooctane sulfonic 

acid), PFDS (perfluorodecane sulfonic acid).  

 

 
 

Study 

Location
PFPeA PFHxA PFHpA PFOA PFNA PFBS PFHxS PFHpS PFOS Reference

Vietnam 
<1.3 - 44 <0.8 - 77 <2.5 - 88

<1.4 - 

100

<1.2- 

100 <2.2 - 16 <2.7 - 30 <1.6 - 1.9 0.18 -2.5

Kim et al, 

2012

Vietnam 
N.D - 

5.8

<0.07-

1.34

<0.05-

3.10

0.13 - 

6.39

<0.06-

1.04

<0.30- 

1.35

<0.03-

1.69

N.D - 

2.3

0.03 - 

1.62

Lam et al.  , 

2017

Vietnam 
N.D - 

5.6

N.D - 

9.2
N.D -18

N.D - 

0.93

N.D - 

6.6

N.D - 

2.1

Duong et al. , 

2015

Thailand 0.9 - 6.2 0.1 - 0.6 0.4 - 1.2
1.4 - 

11.2
0.2 - 1.1 0.2 - 1.1 0.6 - 3.1

Kunacheva 

et al ., 2011a

Thailand
0.43 ± 

0.01

1.65 ± 

0.04

16.54 ± 

2.10

4.29 ± 

0.19

Kunacheva 

et al ., 2010

Thailand 
1.6 – 

12.1

<LOQ – 

5.0

Kunacheva 

et al. , 2009

Malaysia 
0.32 - 

5.94

0.71 - 

43.50

Zainuddin et 

al. , 2012

Singapore 
5.7 – 

91.5

2.2 – 

87.3

Hu et al. , 

2011

Study 

Locations
PFBA PFHxA PFHpA PFOA PFNA PFDA PFHxS PFOS PFDS Reference

Vietnam 
N.D - 

1.0

N.D - 

1.3

N.D - 

4.5

N.D - 

0.45

N.D - 

0.43

N.D - 

6.0

N.D - 

8.2

Duong et al. , 

2015

Vietnam 
<0.52 <0.45

<0.37-

5.48
<0.061 <0.03

<0.07-

4.35

<0.03-

1.42
<0.11

Lam et al.  , 

2017

Thailand

N.D - 

1.98

0.65 - 

34.96

N.D - 

2.14

<LOQ - 

25.88

Hongkachok et 

al. , 2017
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Table 1.3 Comparison of PFASs detection (ng/L) in wastewater in SE Asian countries: ND 

means no detection and detected concentrations are described as minimum to maximum or mean 

concentration. PFPeA (perfluoropentanoic acid), PFHxA (perfluorohexanoic acid), PFHpA 

(perfluoroheptanoic acid), PFOA (perfluorooctanoic acid), PFNA (perfluoronanoic acid), PFDA 

(perfluorodecanoic acid), PFUnDA (perfluoroundecanoic acid), PFDoDA (perfluorododecanoic 

acid), PFBS (perfluorobutane sulfonic acid), PFHxS (perfluorohexane sulfonic acid), PFOS 

(perfluorooctane sulfonic acid).  

 

 

 

1.1.4    Water pollution and PFASs occurrence in Myanmar 

Myanmar, located in Southeast Asia, is one of the least developed countries as defined by 

the United Nations (Sakai, Kataoka, & Fukushi, 2013) and has the second lowest United Nation 

human index among Southeast Asian countries (UNDP, 2019). As in many other developing 

countries, access to clean water is a challenge in Myanmar. Piped water is only available to 4.1% 

of the population in Myanmar (WHO, 2014). The majority of the population across Myanmar has 

to rely on unprotected wells or surface water resources such as rivers, springs, lakes, and 

community reservoirs. Most of these water resources exposed to contaminated by agricultural 

runoff, municipal wastewater discharge, industrial wastewater discharge, and mining industries 

Study 

Locations
PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFBS PFHxS PFOS

Reference

Vietnam <0.8 - 

2.4

<2.5 - 

3.1

<1.4 - 

7.7

<1.2 - 

5.2 <0.5 - 20 <2.2 <2.7 <0.8

Kim et al, 

2012

Vietnam <0.52-

4.26

<0.45-

7.81

0.84-

53.5

0.15-

4.81

0.04-

1.37
<0.04

<0.30-

8.28

<0.07-

5.98

<0.03-

40.2

Lam et al, 

2017

Thailand 12.8 – 

50.6

20.7 - 

316.3

Kunacheva 

et al, 2009

Thailand 0.8 - 

1767.1 

4.2 - 

969.8

<11 1.5 - 38 7.2 - 

423.2

Shivakoti et 

al, 2010

Thailand 1.11 ± 

0.71
ND ND

1.79 ± 

2.13

0.73 ± 

0.43

Kunacheva 

et al, 2010

Thailand 0.5 - 

32.4
0.1 - 

77.4

0.8 - 

46.8

15.3 - 

353.2

3.1 - 

157.6

N.D - 10 8.7 - 

50.4

190.1 - 

552.8

Kunacheva 

et al, 2011

Singapore 7.9 - 

1060

5.8 - 

532

5.8 - 

532

Hu et al, 

2011
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(Swe, 2019). In general, there is a lack of data about environmental quality such as water (Sakai 

et al, 2013; Pincetti-Zuniga et al, 2020) and air (Yi et al, 2018; Mon et al, 2019). 

Residential areas inside industrial zones around cities in Myanmar are especially at risk for 

exposing to both chemical and biological water pollution. Industries directly discharge their 

wastewater directly into canals without proper treatment, and effluents heavily impact local surface 

waters and groundwaters. Moreover, settlement patterns of the industrial residential areas can also 

contribute to the water pollution, such as having toilets and animal closure at close proximity to 

the wells and utilization of industrial canals for watering vegetable gardens. Figure 1.1 shows one 

residential area in Shwe Pyi Thar Industrial Zone. Potentially contaminated well water is daily 

consumed by the local communities for showering, washing, cooking, and drinking. There are 

preventive measures such as industrial wastewater treatment, wastewater treatment, and water 

treatment systems properly installed, monitored, and used. However, there is not stringent policies 

in placed to control water quality from source pollution (Than, n.d).  

To the best of our knowledge, there are no published PFASs occurrence studies available 

for Myanmar. In Nov-2017, a preliminary study was conducted for PFASs contamination in Shwe 

Pyi Thar Industrial Zone, located by the Hlaing River which flows into Yangon River and then to 

the Andaman Sea. Its area is 1300 acres (Zaw and Kudo, 2011) and has the population of 

approximately 10,000 (obtained from the local administration). Electroplating factories, zinc 

roofing factories, garment factories, fabric and dye factories, detergent factories, food and 

beverages factories, and so on operate in the industrial zone. Shwe Pyi Thar Industrial Zone was 

chosen as a case study because its location beside a river, a high emigrant population living inside 

the industrial areas, and their lack of access to pipe water. Well water samples were collected from 

28 household handpumps across three residential shanty communities within Shwe Pyi Thar 
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Industrial Zone, Yangon. The depths of the well were reported to be between 30 to 120 ft. Water 

samples were filtered and loaded onto solid phase extraction cartridges for transport to the US. 

Cartridge extracts were analyzed using high-resolution mass spectrometry (HRMS) at the US EPA, 

North Carolina for PFASs. It was not possible to include internal standards in field collected water 

samples. In order to obtain semi-quantitative analysis of PFASs concentrations, standard solutions 

were filtered, loaded onto solid phase extraction cartridges, extracted and analyzed by the same 

method to construct calibration curves for estimate approximate concentrations for PFASs in field 

collected samples. A total of 4 short-chain PFASs and 1 long-chain PFASs was detected. PFBA 

was detected in 13 wells with concentrations at 180-128,000ng/L(avg 22,000ng/L); PFPeA in 4 

wells at 420-5,800ng/L(avg 1,700ng/L); PFHxA in 8 wells at 380-6,100ng/L(avg 1,400ng/L); 

PFOA in 1 well at 50ng/L; and GenX in 8 wells at  700-8,900ng/L(avg 2,400ng/L). Although these 

data did not provide the accurate quantitative results, it still presents the insight about the PFASs 

contaminations in Myanmar.  
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Figure 1.1 Top left figure (a) shows the location of Myanmar and well-water sampling map. 

Top right figures (b and c) show some photos hand-pump wells, and bottom figure (d) shows the 

overall industrial residential shanty communities.  
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1.2   Biochar adsorption of PFASs 

Reverse osmosis, nano-filtration, strong anion-exchange resins, ion-exchange resin and 

electrochemical anodic oxidation, electro-fenton oxidation, and electrochemical anodic oxidation,  

have been developed as effective treatment technologies for PFASs removal and/or destruction 

(Xiao et al, 2017; Lu et al, 2020). These treatment steps are technologically challenging, expensive, 

and often not available, especially in low-income countries like Myanmar. However, adsorption 

by carbonaceous materials such as granular activated carbon (GAC) and biochar is considerably 

easier to operate and less expensive, in particular for decentralized household and small 

community water treatment systems (Dalahmeh, Alziq, Ahrens, 2019). Biochar presents further 

potential advantages over GAC as it can be generated from local, renewable biomass using simple 

pyrolysis technology (Kearns et al, 2014, 2015).  

Biochar is a product of biomass heated under restricted oxygen conditions (Tan et al., 

2015). It has been studied for the application in soil improvement, carbon sequestration and water 

treatment (Shimabuku et al, 2016). Kearns et al (2014,2015a, 2015b) found that biochar produced 

at high temperature (≥850 oC) under semi-aerobic conditions developed high surface area (~500 

m2/g), decreasing H:C and O:C ratios, and high capacity for adsorption of SOCs compared with 

biochars produced at lower temperatures and by conventional anaerobic processes. Biochar 

adsorption studies for agricultural chemicals (Kearns et al, 2014, 2015a, 2015b,2019;), antibiotics 

(Shimabuku et al, 2016), industrial chemicals (Ahmad et al, 2012; Chen et al, 2008), and PFASs 

(Guo et al, 2017) reported that contaminant removal of biochar increased with increasing pyrolysis 

temperature. Moreover, high temperature semi-aerobic biochar can remove 2,4 D herbicide and 

disinfection byproducts (Kearns et al,2014, 2015b), PFASs (Inyang and Dickerson, 2017), and 

antibiotics (Shimabuku et al, 2016) comparable to activated carbons. However, the adsorption 
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capacity of biochars produced at lower temperatures and by conventional anaerobic processes 

typically are one or two order of magnitude lower than activated carbons (Kearns et al, 2019).  

 

1.2.1    Prior studies of PFASs adsorption by biochar 

Batch-mode studies 

Biochar has been used in a kinetics and isotherm study of PFAAs by Chen et al, (2011), 

Kupryianchyk et al (2016), Guo et al (2017), and Zhi and Liu (2018). These batch studies were 

conducted as single solute sorption isotherm for long-chain PFAAs such as PFOS, PFOA, and 

PFHxS in deionized water. Except for Guo et al (2017), which used only a 48-hour contact time, 

the other studies used 14 to 30 days as adsorption contact time. They found that PFOS adsorption 

quasi-equilibrium was reached in 14 to 17 days. Most of these studies also use adsorbate 

concentrations in the range of 1 to hundreds of mg/L, which are much higher than typical PFASs 

concentrations found in natural and anthropogenic waters in the ng/L range. Therefore, 

extrapolating from these studies to real-world conditions where, typically, multiple PFASs co-

occur at trace concentrations and in the presence of DOM at concentrations 103 to 105 higher is 

difficult.  

A further limitation of most PFASs-biochar adsorption studies so far is that they are 

conducted in batch-mode. While batch studies provide the insight about the adsorbent 

characterization and optimal selections of adsorbents, batch adsorption data are highly dependent 

on initial solution concentrations, pH, unrealistic adsorbate to adsorbent ratio, agitation of batch 

samples, and contact time (Callery et al, 2016). Moreover, adsorption isotherm studies alone 

cannot provide accurate bed-life estimates for fixed-bed adsorbers (Callery et al, 2016). 
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Column-mode studies 

Compared to batch-mode kinetic and isotherm studies, there are fewer studies conducted 

in fixed-bed column mode. Dalahmeh, Alziq, Ahrens (2019) studied treatment efficiency of 

biochar columns with or without biofilms for 13 PFAAs in wastewater: PFBS, PFHxS, PFOS, 

perfluorooctane sulfonamide (FOSA), PFBA, PFPeA, PFHxA, PFHpA, PFOA, perfluoronanoic 

acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), and 

perfluorododecanoic acid (PFDoDA). They used 800˚C wood biochar and found that in biochar 

column without biofilm, long chain PFAAs were 100% removed except for PFHxS (90% 

removal), where else short-chain PFAAs were generally within 50% over 22 weeks, equivalent to 

9,350 bed volumes (BV). Biochar with an active biofilm removed 5 to 50% for PFOA, PFNA, and 

PFHxS over 22 weeks. Inyang and Dickerson (2017) found that 100% breakthrough of PFPnA and 

PFHxA occurred by 2,962 BV and 90% and 80% breakthrough of PFOA and PFOS occurred 

respectively by 2,962 BV in their pilot column study with hardwood biochar (900˚C) in treated 

wastewater effluent containing DOM at a concentration of 4.9 mg/L dissolved organic carbon 

(DOC).  However, Inyang and Dickerson (2017) did not discuss about high removal efficiency 

(10% breakthrough), which is desirable in drinking water treatment for prevention of health impact 

from exposure to high concentration of contaminants in drinking water.  

 

Summary of limitations of prior work 

In summary, the majority of biochar adsorption studies published-to date have focused two 

compounds: PFOS and PFOA. There are very few studies that include short chain PFAAs, and to 

the best of our knowledge, there is no study available for removal of novel PFASs like GenX and 

other perfluoroether acids (PFEAs) by biochar. Most studies have been conducted in batch mode 
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often with PFASs as single solutes in the absence of background DOM. Current research is lacking 

in terms of how background dissolved organic matter (DOM) from different sources, such as 

groundwater, surface water, and wastewater, affects biochar adsorption capacity for PFASs, in 

particular for short-chain alternatives to PFOS and PFOA (Gagliano et al, 2020).  

 

1.3 Adsorption theory and rapid small-scale column test development 

1.3.1 Adsorption theory  

Adsorption of contaminants to porous media involves four steps of mass transfer: bulk 

diffusion or advection, film diffusion, intraparticle diffusion, and adsorption as shown in Fig 1.2. 

Bulk diffusion occurs when the contaminants are brought to the film or boundary layer of water 

surrounding the biochar by advective and diffusive forces. Then, contaminants pass through the 

film layer of water to the biochar surface. Third, intraparticle diffusion occurs as both pore 

diffusion and/or surface diffusion. Intraparticle diffusion is often the controlling step. Pore 

diffusion means that adsorbates travel through the pore until they reach the final adsorption site, 

while surface diffusion means adsorbates move along the surface until reaching the adsorption site 

(Knappe, 1996). PFASs adsorption to biochar has been reported as hydrophobic and electrostatic 

interactions for long chain PFASs (Guo et al, 2017, McCleaf 2017, Zaggia et al, 2016), while short 

chain PFASs are removed mostly by a pore filling mechanism (Zaggia et al, 2016).  
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Figure 1.2 PFASs adsorption steps that occur in biochar. PFASs are shown as plus signs. 

 

1.3.2   Rapid small-scale column test conceptual background 

Fixed-bed pilot column tests use full-sized adsorbent particles, bed depths that are 

equivalent to full-sized adsorbers, and hydraulic loading rates that result in equivalent empty bed 

contact times (EBCTs). The dimensionless parameters that describe mass transfer such as 

Reynolds number and Biot number (as described in more detail below) are therefore identical 

between pilot columns and full-sized adsorbers, providing the most accurate simulation of 

contaminant removal. However, pilot-scale testing is expensive, time consuming, and requires 

large amounts of test water and other laboratory resources (Crittenden et al, 1986a; Summer et al, 

2014; Kennedy et al, 2017). Therefore, bench-scale column tests, termed rapid small-scale column 

tests (RSSCTs), have been developed to simulate full-scale treatment system performance using 

less water, laboratory resources, time, and labor (Crittenden et al, 1986a,1987; Summers et al, 

2014; Kennedy et al, 2017; Kearns et al, 2020). In order to design small column tests that 
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accurately represent contaminant breakthrough at full-scale, effort is made to match dimensionless 

mass transfer parameters using crushed adsorbent by modulating hydraulic loading rate and EBCT 

in the setup and operation of RSSCTs (Crittenden et al, 1986a).  

Two common approaches of RSSCT are constant diffusivity (CD or CD-RSSCT) and 

proportional diffusivity (PD or PD-RSSCT). CD-RSSCT assumes that intraparticle diffusivity is 

independent of particle size, and PD-RSST assumes that intraparticle diffusion kinetic is linearly 

dependent on the particle size (Corwin and Summer, 2010). The RSSCT design equation is shown 

as Equation 1.1. Whether and how intraparticle diffusivity is affected by adsorbent particle size in 

the presence of DOM is complex and not well characterized at this time. Accordingly, there is no 

definitive consensus on whether the PD or CD approach is better for simulating micropollutant 

removal from waters containing background DOM (Summers et al, 2014). DOM components are 

known to affect adsorption performance of carbonaceous materials like GAC and biochar by 

constricting pore passageways and blocking pores, and by direct competition with targeted 

contaminants for adsorption sites on the adsorbent surface. Collectively this is termed DOM 

fouling (Corwin and Summer, 2010; Shimabuku, 2016).  

                    
𝐸𝐵𝐶𝑇𝐹𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒

𝐸𝐵𝐶𝑇𝑅𝑆𝑆𝐶𝑇
  = [

𝑑𝑝,𝑅𝑆𝑆𝐶𝑇

𝑑𝑝,𝐹𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒
]

2−𝑋

= SFX-2 = 
𝑡𝑅𝑆𝑆𝐶𝑇

𝑡𝐹𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒
                                   eq (1) 

In Equation 1, EBCT stands for empty bed contact time, dp for particle diameter, SF for scaling 

factor (the ratio of large to small dp values), X for diffusivity factor (which for CD is equal to 0 

and for PD is equal to 1), and t for operation time. 

 

1.3.3 Model full-sized biochar water treatment systems 

The laboratory column experiments (pilot and RSSCT) described here are scaled versions 

of model full-size household and community biochar water treatment systems. The household 
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water treatment systems are built with a commercial filter housing and refillable cartridge insert 

as shown in fig 1.3 (a). The community water treatment systems are built with 200 liter high 

density polyethylene (HDPE) barrels as shown in fig 1.3 (b). These full-sized filter-adsorber units 

can be used on their own or coupled with other treatment steps such as roughing filtration and/or 

biologically active slow-sand filtration. 

Pilot and RSSCT experimental columns maintain similitude with the parameters describing 

mass transfer in the full-sized biochar contactors such as pore solute distribution number (Dg), 

pore diffusion modulus (Ed), surface diffusion modulus (Eds), Peclet number (Pe), and Stanton 

number (St). The other mass transfer parameters that are not necessarily kept constant and 

operational parameters are provided in table 1.4.   

From these parameters, the model household water treatment system has a bed volume of 

700 mL, an EBCT of 30 minutes, and produces and 33.6 L of treated water per day. The community 

water treatment system has a bed volume of 109 L, and EBCT of 6.5 hours, and produces 400 L 

of treated water per day. We established a feasibility criterion that biochar bed-life for ≥90% of 

PFASs compounds should be ≥336 BV. This bed-life corresponds to a one-week replacement 

frequency for the household cartridge filter unit, and a quarterly (three-month) replacement 

frequency for the biochar in the community treatment system. More frequent biochar replacement 

might be considered cost-prohibitive or too laborious for communities in low-resource settings 
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Table 1.4 Dimensionless and operational parameters of model full-sized biochar filter-       

absorbers. 

 

 Household water treatment 

system 

Community water treatment system 

Reynolds number (Re) 0.37 0.25 

Biot number (Bi) 37.8 33.1 

EBCT (min) 30 392 

Flow rate, Q (L/d) 33.6 400 

Particle size, dp (cm) 0.1285 0.45 

Bed diameter (cm) 7.04 55.5 

Bed depth, L (cm) 18 45 

Bed Volume, BV (ml) 700 109000 

 

  
 

Figure 1.3    Examples (a) full-scaled household water treatment system (EBCT = 30 mins, flow 

rate (Q)= 33.6 L/d, dp= 0.1285 cm, L=18cm, bed diameter= cm, BV= 700 ml) and (b) community 

water treatment system (EBCT = 6.5, Q = 400 L/d, dp= 0.45 cm, L=45cm, bed diameter=55.5 cm, 

BV= 109 L). 

 

 

 

 

a b 
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1.4  UV and fluorescence spectroscopy surrogates for PFASs monitoring in biochar 

            water treatment 

 

PFASs breakthrough monitoring is an expensive and time-consuming process, requiring 

skilled labor to conduct high-resolution mass spectrometry. It is nearly impossible to monitor 

PFASs breakthrough from point-of-use household water treatment systems in developing 

countries. Therefore, it is necessary to establish reliable real-time surrogates for removal of PFASs. 

The absorbance of light at a wavelength of 254 nm (UVA-254) and DOM fluorescence have been 

suggested as surrogates for trace organic contaminants in the activated carbon literature (Anumol 

et al, 2015; Gerrity et al, 2012; Liu et al, 2012; Pisarenko et al, 2012). DOM is ubiquitous in 

environmental and anthropogenic waters and is a heterogenous mixture of aliphatic and aromatic 

organic compounds with oxygen, nitrogen, and sulfur functional groups (Chen et al, 2003). 

Chromophores (CDOM) are a part of DOM that absorb (UV) and emit fluorescence in the 200-

800 nm wavelength range (Hua, Veum, Yang, 2010). In general, fluorescence DOM are more 

absorbable than non-fluorescing DOM, which means that fluorescing DOM contribute to carbon 

fouling (Shimabuku et al, 2017), and can be used as an indirect indicator of biochar bed-life for 

target contaminants. Fluorescence spectroscopy is a widely utilized to provide fluorescence 

excitation and emission matrix (EEM) data to characterize DOM in different types of water.  From 

EEM data, the fluorescence intensity means the concentration of fluorophores in the water. The 

diffferent pairs of excitation and emission wavelengths the character and origin of DOM (Park and 

Synder, 2018). Fluorescence is expected to be more sensitive than UV for DOM chromophores by 

at least one order of magnitude (Hua, Veum, and Yang, 2010; Ziska et al, 2016), and thus changes 

in water quality might be more evident with fluorescence monitoring.  

 In this thesis, UVA-254 and fluorophores peaks A and C are considered as potential 

surrogates for PFASs breakthrough monitoring. UVA-254, peak A and C are present in all types 
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of water containing DOM. The attenuation of DOM fractions corresponding UVA-254 and 

fluorescence peaks A and C in adsorbent columns corresponds to their chemical characteristics 

affecting adsorbabilty (Altmann et al, 2016). Fluorescence excitation wavelength 220-250 and 

emission 400-460 (ex 220-250/em 400-460) defines the Peak A region and ex 300-340/ em 400-

460 defines Peak C region (Baker et al, 2008). Peak A, often considered to indicate humic-like 

substances, and Peak C, considered to indicated fulvic-like substances are likely to be hydrophobic 

(Baker et al, 2008; Chen et al, 2003). Therefore, they are preferentially adsorbed by carbonaceous 

materials compared to more hydrophilic DOM constituents that, for example, are indicated by 

fluorescence peaks T and B (polyphenol-like substances) (Shimabuku et al, 2017).  

UVA-254 surrogate 

Altmann et al studied UVA-254 as a proxy for real-time monitoring of micropollutant 

breakthrough in tertiary wastewater treatment with powder activated carbon. They found that, for 

strongly adsorbing micropollutants, >80% removal correlated with 25% removal of UVA-254 

DOM. For weakly adsorbing micropollutants, 80% removal correlated with 50% removal of UVA-

254 DOM. UVA-254 has also been suggested as an effective surrogate for micropollutant removal 

independent of water type (Zietzschmann et al, 2014). 

Fluorescence surrogates 

In contrast, Anumol et al (2015) found that, as a proxy for micropollutant removal, total 

fluorescence (TF) is more sensitive to changes in water quality than UVA-254. TF and parallel 

factor analysis (PARAFAC) are suggested as effective methods to use fluorescence as potential 

surrogate for micropollutant removals from surface water and wastewater (Park and Synder, 2018; 

Sgroi et al, 2018). However, processing of raw data for TF and PARAFAC analysis requires coding 

in R or Matlab and advanced computing skills and facilities. Hence, this research does not utilize 
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TF or PARAFAC as these methods might be difficult to apply in resource-constraint settings. 

UVA-254 and fluorescence peaks A and C data are much easier to obtain and interpret, and so 

form the basis of the investigation described in this thesis.   

 

1.5   Motivation, research objectives, hypotheses, and research tasks 

1.5.1 Motivation 

The motivation for this research is to be enable the design and monitoring of low-cost, 

locally producible household biochar treatment systems for treatment of PFASs in drinking water 

in low-resource settings. This will be accomplished by testing three interrelated hypotheses (H1 

through H3) in pursuit of three main Research Objectives (RO1 through RO3). 

 

1.5.2 Research Objectives 

This research will fill current data gaps and advance biochar water treatment for PFASs by 

addressing three interrelated Research Objectives (ROs).  

RO-1: Quantify and evaluate biochar adsorption of short-chain (less than C8 for 

perfluoroalkyl carboxylic acids and less than C6 for perfluoroalkyl sulfonic acids) PFASs from 

waters containing different concentrations and types of DOM in pilot scale and bench scale fixed-

bed column experiments.  

 

RO-2: Evaluate scaling approaches for simulating PFASs removal by full-sized biochar 

water treatment systems using bench scale batch and column test data and mass transfer modeling 

methods.  
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RO-3: Evaluate UV and fluorescence spectroscopy measurements as low-cost field 

surrogates for monitoring biochar bed life for removal of PFASs.  

 

1.5.3  Hypotheses 

H-1: High temperature (≥850 ˚C) hardwood biochar produced under slightly aerobic 

conditions will remove ≥90% of short-chain PFASs from groundwater, surface water, and 

wastewater up to 336 bed volumes. 

H-1.1 PFASs molecular size (carbon chain length), shape (linear versus branched), and 

functional group (carboxylate versus sulfonate) will affect adsorption capacity such than the 

number of bed volumes treated to 10% PFASs breakthrough will increase for increasing chain 

length, and will be greater for linear PFASs and sulfonate compounds compared with branched 

molecules and carboxylate compounds. 

H-1.2 Biochar bed-life for PFASs removal will increase by at least 20% increments from 

wastewater > surface water > groundwater. 

 

H-2: PFASs adsorption equilibrium (isotherm batch test) data can be used in conjunction 

with breakthrough data collected from rapid small scale column experiments designed according 

to the pore and surface diffusion model to simulate PFASs adsorption in pilot columns within +/- 

20% of the observed 10% pilot breakthrough. 

 

H-3: The relative UV absorbance and fluorescence characteristics of background DOM in 

biochar column influent and effluent can be used as surrogates for PFASs breakthrough that are 

consistent within a factor of +/- 10% breakthrough variations for waters containing different 
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concentrations and origins of DOM (i.e., DOM from model groundwater, surface water, and 

wastewater). 

 

1.5.4 Research Tasks 

The following research tasks will be carried out to test hypotheses H1 through H3. 

 

H1, 1.1, 1.2-Task1: Pilot column experiments will be conducted using model groundwater, 

surface water, and wastewater spiked with 11 short- chain PFASs compounds, including sulfonate, 

carboxylate, linear, and branched species, to quantify biochar bed-life for PFASs removal. Biochar 

column throughput in the number of bed volumes treated to 10% breakthrough of each PFASs 

compound will be compared to the ≥336 bed volume criterion to assess the feasibility of biochar 

treatment for each of the PFASs test compounds. 

Test compounds include: 

• Two short-chain and one long-chain perfluoroalkyl sulfonic acids (PFSAs) 

o perfluorobutane sulfonic acid (PFBS C4) 

o perfluoropentane sulfonic acid (PFPeS C5) 

o perfluorohexane sulfonic acid (PFHxS C6) 

• Three short-chain perfluoroalkyl carboxylic acids (PFCAs) 

o perfluoropentanoic acid (PFPeA C5) 

o perfluorohexanoic acid (PFHxA C6) 

o perfluoroheptanoic acid (PFHpA C7) 

• Three short-chain branched perfluoroalkyl ether acids (PFEAs) 

o perfluoro-2-methoxypropanoic acid (PMPA C4) 
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o perfluoro-2-ethoxypropanoic acid (PEPA C5) 

o perfluoro-2-propoxypropanoic acid (GenX C6) 

• Two short-chain linear perfluoroalkyl ether acids (PFEAs) 

o perfluoro-3-methoxypropanoic acid (PFMOPrA C4) 

o perfluoro-4-methoxybutanoic acid (PFMOBA C5). 

H2-Task1: Bottle-point isotherm experiments will be conducted to obtain adsorption 

equilibrium parameters (Freundlich KF and 1/n values) for each PFASs-water combination. 

 

H2-Task2: Rapid small-scale column tests (RSSCTs) designed by scaling the model full-

scale biochar treatment system parameters using the pore and surface diffusion model and the 

constant and proportional diffusivity assumptions will be conducted to obtain PFASs breakthrough 

data for each PFASs-water combination. 

 

H2-Task3: The pore and surface diffusion model and the homogenous surface diffusion 

model will be used in conjunction with equilibrium parameters obtained from batch and column 

experiments to fit PFASs RSSCT breakthrough data and predict pilot column breakthrough. A 

fouling index method and an empirical correlation approach will also be used to predict pilot 

column breakthrough from RSSCT data. Predicted pilot column breakthrough profiles will be 

compared with pilot breakthrough data collected in H1-Task1 to ascertain if predictions fall within 

+/- 20% of column throughput to 10% breakthrough for each PFASs-water combination. 

 

H3-Task1: Biochar column influent and effluent samples will be collected during the 

experiments described in H1-Task1 and H2-Task2 for analysis by UV absorbance and 
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fluorescence spectroscopy. UV absorbance and a wavelength of 254 nm, and fluorescence 

excitation and emission data will be collected in order to quantify correlations between the 

breakthrough of UV-absorbing and fluorescing DOM fractions and PFASs breakthrough for each 

PFASs-water combination. 
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Chapter 2: Materials and Methods 

 

In this chapter, preparation of PFASs standard solutions, preparation and characterization 

of test waters, preparation of biochar for column study and adsorbent characterization, design and 

setup of bottle-point isotherm batch tests, RSSCT and pilot columns, sample collection, and 

analysis of PFASs, DOC, and UVA-254 and fluorescence are described. 

 

2.1 Preparation of PFASs Standard Solutions 

High purity PFPeS (98%) from Cambridge Isotopes Laboratories, Inc (USA), PFMOPrA 

from Signma-Aldrich (Canada), PFMOBA (98%), PFHpA (97%), PFHxA (97%), PFPeA (98%), 

and PFHxS (95%) from SynQuest Labs, Inc. (USA), PFBS, HFPO-DA, and mass-labeled internal 

standards MPFHxA, MPFHxS, and MHFPO-DA were obtained from Wellington Laboratories 

(Canada). PEPA and PMPA were obtained from the Chemours Company. The chemical formula, 

structure, and CAS number are provided in table 2.1. 

                                               C1V1 = C2V2                                                    eq (2.1) 

where C1 and C2 stand for initial concentration and final concentration respectively, and V1 and V2 

are for initial volume and final volume of the concentrate.  

The volume of the water was calculated by using  

                                                      V = πr2h                                                     eq (2.2) 

where V is the volume of water, r is the average radius of the barrel, h is the height of the water 

inside the barrel, and π (= 3.14) is a mathematical constant. 

PFMOPrA, PFMOBA, PFHpA, PFPeA, PFHxS were obtained in solid state. They were 

prepared to a liquid concentration of approximately 10,000 ng/µl by adding 100 mg of PFASs to 

300 ml of methanol (HPLC grade from Fisher Scientific) in 10 ml volumetric flask, then adding 
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500 µl of 2.5 M of NaOH and filling the 10 ml flask with methanol. Then the stock solutions were 

stored in HDPE 25 ml bottles. HPLC grade reagent water was used for preparation of the standard 

solutions. PFPeS, PFBS, HFPODA, PMPA, PEPA, and all the internal standards were 50 ng/µl 

solutions in methanol, delivered in amber glass tube. Before use, they were transferred to Nalgene 

2 ml cryogenic vials with a glass pasteur pipettes. From these stock concentrations, the amount of 

PFASs needed for an 11 PFASs mixture with individual concentrations of approximately 400 ng/L 

was calculated using equations 2.1 and 2.2. Before spiking into the water, the PFASs mixture was 

put into 250 ml HDPE bottle, and then were gently dried with nitrogen gas in order to get rid of 

methanol. PFASs samples were handled by micro-pipettors and polypropylene pipette tips.  

Table 2.1 PFASs studied in this research: 3 branched and two linear short-chain 

perfluoroalkyl ether acids (PMPA, PEPA, GenX, PFMOPrA, PFMOBA), 3 linear short-chain 

perfluoroalkyl carboxylic acids (PFPeA, PFHxA, PFHpA),  and 2 linear short-chain and 1 linear 

long-chain perfluoroalkyl sulfonic acid (PFBS, PFPeS, PFHxS). 

 

PFASs Types Abbreviat

ion 

Carbon 

Chain 

Length 

Linear or 

Branched 

Structure CAS 

Number 

Perfluoro-2-

methoxypropanoic 

acid  

PMPA 4 Branched 

 

13140-29-9 

Perfluoro-2-

ethoxypropanoic 

acid  

PEPA 5 Branched 

 

267239-61-

2 

Perfluoro-2-

propoxypropanoic 

acid 

GenX 6 Branched 

 

13252-13-6 
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Table 2.1 (continued).  

 

Perfluoro-3-

methoxypropanoic 

acid  

PFMOPr

A 

4 Linear 

 

375-85-9 

Perfluoro-4-

methoxybutanoic 

acid  

PFMOBA 5 Linear 

 

863090-89-
5 

Perfluoropentanoi

c acid 

PFPeA 5 Linear 

 

2706-90-3 

Perfluorohexanoic 

acid 

PFPHxA 6 Linear 

 

307-24-4 

Perfluoroheptanoi

c acid 

PFHpA 7 Linear 

 

375-85-9 

Perfluorobutane 

sulfonate 

PFBS 4 Linear 

 

375-73-5 

 



   

29 

 

Table 2.1 (continued).  

 

Perfluoropentane 

sulfonic acid 

PFPeS 5 Linear 

 

2706-91-4 

Perfluorohexane 

sulfonic acid 

PFHxS 6 Linear 

 

355-46-4 

 

2.2 Preparation and characterization of Test Water 

All test waters were obtained using 200 L HDPE barrels. Groundwater and surface water 

were taken from Wilmington, North Carolina, and secondary wastewater was taken from 

wastewater treatment plant in Durham, North Carolina. Groundwater and surface water were raw, 

and wastewater was taken after secondary treatment (sand filter). All test waters were prefiltered 

with 1 µm filters for approximately 8 hours and were spiked with a mixture of 11 PFASs prepared 

above. Afterward the water barrels were stirred vigorously for 1 hour using a handheld motor 

mixer. Table 2.2 described the average pH, UVA-254, fluorescence peak A and C values for each 

water types (sampled once a week for a month) and dissolved organic carbon (DOC) 

concentrations.  
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Table 2.2 Test water characterization.  

Water Types pH DOC (mg/L) UVA-254 

(cm-1) 

Fluorescence 

Peak A 

Fluorescence 

Peak C 

Well Water 7.44 2.8 0.038 1.08 0.514 

Raw Surface 

Water 

7.35 4.5 0.202 5.86 0.91 

Sand-filtered 

Wastewater 

7.26 5.8 0.15 2.67 2.25 

 

2.3 Biochar Preparation and characterization 

The feedstock for the Biochar used in this study was pelletized mixed hardwoods (HWP) 

from a home and a garden supply store. HWP biochar was generated by gasifying the hardwood 

pellets filled in 200-L drum oven gasifier in forced draft mode with a 1/25 horsepower electric 

squirrel cage blower at 900˚C for 120 minutes, and then it was then quenched with water until it 

cooled down (Kearns et al, 2020). Afterward, they were dried to 10% moisture content before 

crushing and sieving with #8 and # 30 US standard mesh sizes to obtain the size fraction retained 

in between (the average particle size 1.285 mm) (Kearns et al, 2020). It is referred to as biochar in 

this study.  

 Biochar samples were dried at 105˚C for overnight in the oven prior to analysis. Biochar 

surface area and pore size distribution tests were conducted with Nitrogen gas by using Autosorb 

iQ- XR3 (Quantachrome Instruments, Boynton Beach, FL). BET surface area, “t-plot” for 

micropore surface area (<2 nm), and pore size distribution were obtained by using quenched solid 

density function theory (QSDFT). Mesopore surface area (2-50nm) was inferred by assuming that 

surface area larger than micropores were mainly from the pore sizes 2 to 50 nm and that 

contribution of macropore and external surface area to total surface area were negligible (Kearns 

et al, 2019). QSDFT method was chosen compared to nonlocal density functional theory (NLDFT) 
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because QSDFT is better at working with particles’ heterogenous surface and analyzing pore size 

distribution around (1-2 nm), which is important for carbon adsorption studies (Kearns et al, 2020).  

 The physical properties of biochar sizes, 8x30 (1.285 mm), 60x100 (0.196 mm), and 

100x200 (0.108 mm), are listed in table 2.3. and pore distribution is shown in fig 2.1. The surface 

area and pore volume of these different size fractions are not markedly different.  8x30 char size 

fraction was found to have lowest surface area with lowest micropore and mesopore surface area 

and pore volume; where else, 60x100 and 100x 200 have similar surface area; however, 6x30 had 

higher micropore but lower mesopore area than 100x200 size fraction. The physical properties of 

biochar used in this study are similar to the biochar used in other studies (Chen et al, 2008; Zhi 

and Liu, 2018) and much higher than the values reported by Chen et al, 2011.   The trends of 

increasing surface area, increasing C content and decreasing H:C and O:C ratios with increasing 

pyrolysis temperature (Kearns et al, 2015).  

 

Table 2.3 Physical properties of biochar sizes used in this study. 

 

 

Biochar Size  Surface Area 

(m2/g) 

Micropore 

Surface Area 

(m2/g) 

Mesopore 

Surface Area 

(m2/g) 

Micropore 

volume 

(cc/g) 

Pore 

Volume 

(cc/g) 

8 x 30 438.97 262.44 176.53 0.111 0.280 

60 x 100 473.84 291.122 182.72 0.123 0.297 

100 x 200 474.47 278.631 195.84 0.118 0.299 
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Figure 2.1      Pore size distribution of the hard wood biochar for char size fractions: 8x30 size 

fraction (circle), 60x100 (diamond), 100x200 (triangle). 

 

 

Table 2.4 Elemental and Ash Content of HWP biochar (Kearns et al, 2019). 

%ash %C %H %N %O H:C 

mol-% 

O:C 

mol-% 

(O+N):C 

mol-% 

2.6 93.5 0.7 0.2 2.9 0.09 0.02 0.03 

 

2.4 Preparation of RSSCT and Pilot Columns 

The set of Pilot, PD, and CD-RSSCT were conducted for ground water (GW), surface water 

(SFW), and wastewater (WW). Each spiked test water was prepared in 200 L HDPE barrels for all 

column tests. For fixed bed biochar in pilot, PD, and CD, the targeted char sizes were 1.285 mm 

(8 x 30 US Standard Sieves), 0.108 mm (100 x 200 US Standard Sieves), and 0.196 mm (60 x 100 

US Standard Sieves) respectively. For pilot, since available biochar was already crushed into 1.285 

mm, biochar was only washed with DI using Sieve size #30 to get rid of fine particles. For PD and 

CD, first the two sieves were stuck together, #100 on top of # 200 for PD and #60 on top of # 100 

for CD. Secondly, small amount of biochar was crushed by hand using a mortar and pestle and 
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was loaded on to the top sieves about three times. Then, the crushed char was washed with DI until 

the water passing through the bottom sieve was clear. Thirdly, the char retained in the bottom sieve 

was collected on aluminum pans and biochar retained on the top sieve was re-crushed until it 

passed through the top sieve. The crushing process was repeated to get the amount needed for each 

RSSCT.  After crushing, biochar size fractions were dried overnight in the oven at 105˚C and 

weighted biochar mass of each column (0.440 g for CD, 0.721 g for PD, and 20.5 g for pilot). Then 

they were poured into the beakers, soaked in DI, and put under vacuum to degas.  

Pilot columns were constructed using CHROMAFLEX® glass barrel 2.5x30 cm from 

Kimble as a column, quarter inch polypropylene tubing, quarter inch stainless steel hardware from 

Swagelok, quarter inch polypropylene tubing. Biochar was held in place in pilot columns using 2 

mm glass beads and glass wool as shown in Figure (2.2). Deionized water was first put into the 

column in order to get rid of any bubbles when adding glass beads and glass wools respectively 

into the column for the bed support.  Afterward, biochar was added up to 18 cm char bed depth. 

LC-20AT HPLC pump from Shimazu was used to control the flow rate and pilot column studies 

were conducted in up-flow mode. The setup of pilot columns was shown in Figure 2.2.   

PD and CD-RSSCT also used the same materials as the pilot column except that PD and 

CD were built with ¼” and ½” (outer diameter) polypropylene tubing to hold biochar. However, 

PD and CD did not require a glass wool prefilter as their experiment durations were less than pilot. 

The schematic of RSSCT was shown in Figure 2.3 and RSSCT were run in down flow.  
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Figure 2.2 Schematic of Pilot column apparatus 
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Figure 2.3  Schematic PD and CD-RSSCT apparatus.                                                                                       

 

Designs of CD-RSSCT and PD-RSSCT were first developed using disperse-flow pore 

surface diffusion model by Crittenden et al (1986, 1987). RSSCTs are scaled down from the field 

scale treatment system using the principle of similitude for dimensionless parameters. Design 

parameters for scaling pilot and RSSCT columns are presented in Table 2.5 and Table 2.6.  

Equations in table 2.7 and 2.8 were used to calculate the value of operational, dimensionless, and 

related parameters listed in table 3.6. 
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Table 2.5 Operational Parameters. Proportional diffusivity (PD) and constant diffusivity 

(CD) rapid-small scale column test (RSSCT).  

 

Experimental 

Parameters 

Pilot PD-RSSCT CD-RSSCT 

Scaling Factor  6.6 11.9 

EBCT (min) 30 2.53 0.7 

Column Diameter 

(cm) 

2.54 0.47625 0.9525 

Bed Depth (cm) 18 18 2.74 

 

Mean Biochar 

Particle Diameter 

(mm) 

0.1285 0.0108 0.0196 

Bed mass (g) 20.5 0.721 0.44 

Flow Rate (ml/min) 3.04 1.269  2.806 

Hydraulic Loading 

Rate (m/hr) 

0.36 4.284 2.376 

Experimental 

Duration (Days) 

31.25  7.02 1.93 

Volume of Water 

required (L) 

136.8 12.83 7.82 

 

Table 2.6 Dimensionless Parameters and related Parameters. 

Parameters Pilot PD-

RSSCT 

CD-RSSCT 

Pore diffusion modulus (Ed) 0.262 0.262 0.262 

Stanton number (St) 10.4 10.4 10.4 

Peclet number (Pe) 78 78 78 

Pore solute distribution parameter (Dg) 0.851 0.851 0.851 

Reynolds number (Re) 0.37 0.37 0.37 

Biot number (Bi) 39.5 39.5 39.5 

Schmidt number (Sc) 1630 1630 1630 

Sherwood number (Sh) 13.2 13.2 13.2 

Sherwood number for a single particle (Shp) 6.8 6.8 6.8 

Sherwood number from laminar conditions (Shlam) 4.8 4.8 4.8 

Sherwood number from turbulent conditions (Shturb) 0.07 0.07 0.07 

particle porosity ( εp) 0.5 - - 
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Table 2.6 (continued).  

 

bed porosity (ε) 0.37 - - 

τ tortuosity (τ) 3 - - 

dynamic viscosity of water (μw) (g/cm*sec) 0.00932 - - 

density of water (ρw) (g/cm3) 0.998 - - 

Vb PFOA molar volume; ChemSpider, ACD Labs (Vb) 

(cm3/mol) 

237.3 - - 

 

Table 2.7 Equations used to obtain mass transfer similarity between Pilot and RSSCT 

columns. 

 

Parameters Equations Relationship Equation 

number 

Pore diffusion 

modulus (Ed) 
𝐸𝑑 =  

4𝐿𝐷𝑔𝐷𝐿𝜀

𝑑𝑝
2𝑣𝑓𝜏

 
Intraparticle mass 

transfer 

eq (2.3) 

Stanton number 

(St) 𝑆𝑡 =
2𝑘𝑓𝐿(1 − 𝜀)

𝑑𝑝𝑣𝑓
 

Ratio of film mass 

transfer to 

advection 

eq (2.4) 

Peclet number 

(Pe) 
𝑃𝑒 =

𝑣𝑓𝐿

𝜀𝐷𝐿 [0.67 + 0.5 (
𝑑𝑝𝑣𝑓

𝜀𝐷𝐿
)

1.2

]

 
Ratio of advection 

to axial dispersion 

eq (2.5) 

Pore solute 

distribution 

parameter (Dg) 

𝐷𝑔 =
𝜀𝑝(1 − 𝜀)

𝜀
 

Local equilibrium eq (2.6) 

Reynolds number 

(Re) 𝑅𝑒 =
𝜌𝑤𝑣𝑓𝑑𝑝

𝜀𝜇𝑤
 

Ratio of inertial to 

viscous forces 

eq (2.7) 

Schmidt number 

(Sc) 
𝑆𝑐 =

𝜇𝑤

𝜌𝑤𝐷𝐿
 Hydrodynamic 

layer mass transfer 

ratio 

eq (2.8) 

Biot number (Bi) 
𝐵𝑖 =

𝑘𝑓𝑑𝑝𝜏

2𝐷𝐿𝜀𝑝
 

Ratio of internal to 

external mass 

transfer 

eq (2.9) 

Sherwood number 

(Sh) 
𝑆ℎ = [1 + 1.5(1 − 𝜀)]𝑆ℎ𝑝 Ratio of film mass 

transfer to 

molecular 

diffusion 

eq (2.10) 

Sherwood number 

for a single 

particle (Shp) 

𝑆ℎ𝑝 = 2 + √𝑆ℎ𝑙𝑎𝑚
2 + 𝑆ℎ𝑡𝑢𝑟𝑏

2
 

 eq (2.11) 
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Table 2.7 (continued). 

 

Sherwood number 

from laminar 

conditions (Shlam) 

𝑆ℎ𝑙𝑎𝑚 = 0.664𝑆𝑐
1
3𝑅𝑒

1
2 

 eq (2.12) 

Sherwood number 

from turbulent 

conditions (Shturb) 

𝑆ℎ𝑡𝑢𝑟𝑏

=  
0.037𝑅𝑒0.8𝑆𝑐

1 + 2.443𝑅𝑒−0.1 (𝑆𝑐
2
3 − 1)

 

 eq (2.13) 

Liquid diffusivity 

(DL) (cm2 sec-1) 

 

𝐷𝐿 =
1.326𝑒 − 4

[(100𝜇𝑤)1.14𝑉𝑏
0.589]

 
 eq (2.14) 

Scaling Factor 

(SF)        SF = [𝑑𝑝,𝐿𝐶

𝑑𝑝,𝑆𝐶
] 

 Eq (2.15) 

Empty bed contact 

time (EBCT) 

𝐸𝐵𝐶𝑇𝑆𝐶

𝐸𝐵𝐶𝑇𝐿𝐶
 = [𝑑𝑝,𝐿𝐶

𝑑𝑝,𝑆𝐶
]2 X [𝐷 𝐿𝐶

𝐷 𝑆𝐶
] 

 eq (2.16) 

Velocity/hydraulic 

loading rate (vf) 

(cm sec-1) 

       vf  = 
𝐿

𝐸𝐵𝐶𝑇
  eq (2.17) 

Film mass transfer 

coefficient (kf) 

(cm sec-1)  

 𝑘𝑓 =  
𝐷𝐿

𝑑𝑝
𝑆ℎ  eq (2.18) 

 

Table 2.8 Related parameters used in the pore and surface diffusion model (PSDM). 

Parameter Typical vales 

Particle porosity (εp) 0.5 

Bed porosity (ε) 0.7 

Dynamic viscosity of water (μw ) (g cm-1 sec-1) 9.32 x 10-3 

Density of water (ρw) (g cm-3) 0.998 

Tortuosity (τ) 3 

Particle shape correction factor (ϕ) 1 

Molar volume of adsorbate (Vb) (cm3 mol-1) User input 

Bed depth (L) (cm) User input 

particle diameter (dp)  User input 

 

2.5 Sample Collection of Pilot, PD, and CD-RSSCT 

 Normalized throughput of Pilot, PD and CD-RSSCT columns is expressed in as bed 

volumes (BV), which is the ratio of treated water volume to biochar bed volume. Pilot column 
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influent samples were taken once a week over the one-month study period. Composite effluent 

samples of CD-RSSCT were collected for 20 BV (40 ml) and PD-RSSCT for 12 BV (40 ml) with 

50 ml polypropylene falcon tubes. Composite effluent samples of pilot columns were collected for 

1.1 BV (100 ml) with 125 ml HDPE bottles. PD and CD-RSSCT were run up to 4000 BV for 

approximately 7 days and 2 days, respectively. Pilot columns were run up to approximately 1500 

BV for 31 days.  All the influent and effluent samples that were used for PFASs analysis, 

fluorescence analysis and TOC tests were filtered with 0.45 µm GMF with polypropylene housing 

Whatman syringe filters. Then the samples were stored at 4˚C prior to analysis by high resolution 

mass spectrometry (methods described in section 2.7).  

2.6 Isotherm Study 

 Bottle point isotherm experiments were conducted for ground water, well water, and 

surface water in order to obtain adsorption kinetic for each PFASs in this study for modeling 

purpose. For isotherm study, biochar was crushed into less than #200 US standard sieve and dry 

sieved. 1 g of biochar was weighted and added to 99 ml of DI. Char dose of 5, 10, 25, 50, 100, 

250, 500 and 1000 mg/L of biochar dose were used and the concentrations of PFASs were shown 

in table 3.5. Suspensions were agitated for 4 days, 7 days, 14 days and 21 days and filtered with 

0.45 µm GMF with polypropylene housing Whatmann syringe filters. The samples were stored at 

4˚C before analysis for PFASs. Freundlich isotherm parameters, liquid phase concentrations of 

adsorbate Ce (µg/L) and  equilibrium solid phase  concentration qe  (mg/kg) were calculated using 

equation (2.19) and Kf (in unit of (mg/kg)(L/µg)1/n)) and 1/n (unitless) were obtained using 

equation (2.20) from isotherm data. The initial concentrations of PFASs (C0) are shown in table 

3.7. 

                                           qe = 
𝐶0− 𝐶𝑒

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
                                                       eq (2.19) 
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                                                             qe = Kf 𝐶𝑒
1/𝑛

                                                             eq (2.20) 

 

Table 2.9 PFASs concentrations (µg/L) used for Isotherm. 

Type of PFASs Groundwater 

(µg/L) 
Surface Water 

(µg/L) 
Wastewater 

(µg/L) 
PMPA 0.327 0.402 0.498 

PFMOPrA 1.103 0.897 1.100 

PFPeA 0.307 0.403 0.432 

PFBS 0.401 0.359 0.276 

PEPA 0.313 0.354 0.483 

PFMOBA 0.322 0.389 0.615 

PFHxA 0.287 0.412 0.428 

PFPeS 0.332 0.310 0.238 

GenX 0.353 0.384 0.479 

PFHpA 0.306 0.266 0.326 

PFHxS 0.286 0.376 0.346 

 

2.7 PFASs Analysis 

Methanol (MeOH) was LC/MS CHROMASOLV® grade and ammonium acetate Optima 

LC/MS grade were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Ultrapure water (18.2 

MΩcm−1) was obtained from a Purelab flex 3&4 Water system (Elga Veolia, United Kingdom). 

PFASs used were described in the previous section.  

Without any further sample processing, 100 µL of the IS mixture (5000 ng/L) was added 

to a final volume of 1 mL of sample and analyzed by an ultra-high performance liquid 

chromatography coupled to an Agilent 6545B Quadrupole Time-of-flight mass spectrometer 

(QTOF/MS) (Santa, CA). Samples were then injected on the QTOF/MS equipped with a Dual AJS 

ionization electrospray ionization (ESI) source and operated under negative mode in all ions 

MS/MS acquisition mode, scanning in a mass range of 70–1200 m/z with collision energies (CEs) 

of 0 and 10 V.  
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Mass spectrometer parameters were gas temperature 100°C, drying gas flow 11 Lmin-1, 

nebulizer 20 psig, sheath gas temperature 250°C, sheath gas flow 11 Lmin-1, capillary voltage 2000 

V, fragmentor voltage 110 V, skimmer 65 V and scan speed of 5 spectra/sec. The instrument was 

tuned using Agilent-specific tuning solution in negative ionization modes before the start of any 

analysis. A reference solution containing purine, trifluoroacetic acid and HP-0921 was 

simultaneously infused into the electrospray source and monitored to correct for mass drifts during 

a run. Trifluoroacetic acid (m/z 112.9856) and the formate adduct of HP-0921 (m/z 966.0073) 

were monitored in negative mode. According to manufacturer specifications, mass accuracy is 

routinely below 2 ppm. Chromatographic separation was achieved using an Agilent RRHD Eclipse 

Plus C18 (3.0 x 50 mm, 1.8 µm) and 5mM ammonium acetate in ultrapure water (A) and methanol 

(B) as mobile phases in a total run time of 25 min. The gradient started with 10% B, increasing to 

95% B in 8 min and holding at 95% B for 12 min and then returning to initial condition at 10% B 

for 5 min. Mobile phase flow rate of 0.4 mL min-1, injection volume of 100 µL and column 

temperature at 50°C were used.  

A 8-point calibration curve was made with concentrations ranging from 5 ng/L to 1000 

ng/L in ultra-pure water with 10% of methanol. All standard calibration curves exhibited excellent 

linearity (correlation coefficient > 0.99). These analytical curves were revalidated after every set 

of samples. In order to control the quality of the analytical data, control samples included 

procedural blanks and a continued calibration verification samples at a concentration of 100 ng/L 

after each set of 10-20 samples. The limit of quantification (LOQ) was established as the lower 

concentration of the analytical curve, 5 ng/L, except for PMPA (20 ng/L) and PFMOPrA (10 ng/L). 

 Table 1 shows the list of compounds, their molecular formula, monoisotopic mass, monitored ions 

and retention time. 
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Table 2.10 List of PFASs used in this study with their molecular formula, monoisotopic mass, 

monitored ions and retention time. 

 

 

Compound Abbreviat

ion 

Molecular 

formula 

Monoisoto

pic 

mass 

Monitor

ed 

ions 

Retenti

on time 

(min) 

Perfluoro-2-

methoxypropanoic acid 

PMPA C4HF7O3 229.98139 184.985

8 

3.584 

Perfluoro-3-

methoxypropanoic acid 

PFMOPrA C4HF7O3 229.98139 228.974

1 

3.978 

Perfluoropentanoic acid PFPeA C5HF9O2 263.98328 262.976 4.936 

Perfluorobutane sulfonate PFBS C4F9O3S 298.94244 298.943 5.189 

Perfluoro-2-ethoxypropanoic 

acid 

PEPA C5HF9O3 279.9782 234.982

6 

5.234 

Perfluoro-4-methoxybutanoic 

acid 

PFMOBA C5HF9O3 279.9782 278.970

9 

5.299 

Perfluorohexanoic acid PFHxA C6HF11O2 313.98009 312.972

8 

5.916 

Perfluoropentane sulfonate PFPeS C5F11O3S 348.93925 348.939

8 

6.013 

Hexafluoropropylene oxide 

dimer acid 

GenX C6HF11O3 329.9750 284.977

9 

6.133 

Perfluoroheptanoic acid PFHpA C7HF13O2 363.9769 362.969

6 

6.562 

Perfluorohexanesulfonate PFHxS C6F13O3S 398.93606 398.936

6 

6.601 

Sodium perfluoro-1-

hexane[18O2] sulfonate 

13C2-

PFHxA 

C4[
13C]2HF11

O2 

315.9868 314.980

4 

5.909 

Tetrafluoro(heptafluoropropo

xy)[13C3] 

Propanoic acid 

13C3-GenX C3[
13C]3HF11

O3 

332.98507 331.977

8 

6.103 

Perfluoro-n-[1,2-13C2] 

hexanoic acid 

18O2-

PFHxS 

C6HF13O[18

O]2S 

403.95237 402.946

6 

6.602 
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2.8 Dissolved Organic Carbon/Total Organic Carbon Analysis  

Dissolved organic carbon (DOC) was measured with TOC analyzer (TOC-VCSN, Shimadzu 

Scientific, Columbia, MD) using the standard method 5310B, which uses high temperature 

combustion method (SMWW, 2017).  

 

2.9 UVA254 and Fluorescence Analysis 

 Fluorescence analysis was done by using Horiba Aqualog fluorometer (Horiba Scientific) 

and UV-254 and florescence spectra were obtained at the same time. Water Raman Sample (RSU) 

from Horiba was used to calibrate and standardize the water Raman signal intensity and area. Then, 

laboratory grade deionized water was used as a blank to correct the light scattering of the samples 

by subtracting fluorescence spectra of the blank from the samples. UVA-254 was scanned between 

240 and 650 nm, while excitation and emission matrix were obtained by running 240 to 650 for 

excitation and 245 to 828 nm for emission. 2 second integration time and 4 increment pixels were 

used for this analysis. After samples were analyzed, they were corrected for inner filter effect and 

Raleigh Masking (1st order), and then normalized by RSU adjusted area for 2 second integration 

time by using the built in Aqualog Software. Post analysis were done on MATLAB with AQ2 

package for scatter correction and 2nd order Raleigh Masking.  
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Chapter 3: Adsorption efficiency of PFASs by biochar 

  

In this chapter, results from RSSCT and pilot columns in groundwater, surface water, and 

wastewater are shown and discussed. However, PFASs analysis for wastewater pilot column have 

not been analyzed due to the shutdown of mass-spectrometer lab. 

 

3.1 Assessment of biochar adsorption efficiency for PFASs removal  

The motivation of this research is to design low-cost household and community scale 

biochar water filters for PFASs removals that can treat 33.6 L/day and 400 L/day, respectively. In 

order to successfully design and use the biochar filters, it is important to evaluate the biochar 

adsorption performance to determine the biochar replacement periods. In chapter 1, we established 

the hypothesis that biochar would be able to treat ≥ 90% removal of PFASs up to 336 BV (i.e., the 

breakthrough of an individual PFASs compound at 10% of its influent concentration, denoted 

BV10%, occurs at ≥336 BV) in all test waters. In order to test this hypothesis, pilot column data are 

used to assess biochar adsorption performance since PFASs breakthrough in pilot columns occurs 

as the same in field-scale biochar adsorbers. However, since pilot data for wastewater is not 

available, CD-RSSCT data was used as a substitute.  

BV10% breakthrough of the biochar pilot columns in groundwater and surface water, and 

CD-RSSCT 10% BV for wastewater are described in Table 3.1. In groundwater, BV10% values 

exceeded 336 BV for PFPeA, GenX, PFMOBA, PFHxA, PFBS, PFHpA, PFPeS, and PFHxS. 

BV10% values were less than 336 BV for PMPA, PEPA, and PFMOPrA. The short-chain C4 and 

C5 branched and C4 linear PFEAs are very weakly adsorbing – if they are the target contaminants 

then a very short biochar bed lifecycle would be required.                                                   
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In surface water, BV10% values exceeded 336 BV for PFHpA, PFPeS, and PFHxS. In 

wastewater, BV10% values did not exceed 336 BV for any of the PFASs compounds studied. 

Compared with groundwater, the higher concentration and different character of DOM in surface 

water and wastewater appeared to increase fouling and reduce biochar treatment capacity. 

 

Table 3.1 Bed Volume (BV10%) for pilot column in groundwater and surface water, and 

BV10% of constant diffusivity rapid-small scale column test (CD-RSSCT) for wastewater. 

Breakthrough of PFHxS in groundwater did not occur during the study period and is denoted in 

the table as not observed (NOB). PFASs for which BV10% values exceeded 336 BV are highlighted 

in yellow. 

 

 Pilot Bed Volume10% CD-RSSCT 

 Groundwater Surface water Wastewater 

PMPA 89 18 22 

PEPA 266 73 46 

GenX 530 161 86 

PFMOPrA 286 92 47 

PFMOBA 713 232 95 

PFPeA 369 135 74 

PFHxA 840 281 123 

PFHpA 1326 400 159 

PFBS 1021 229 131 

PFPeS 1427 460 170 

PFHxS NOB 569 216 

 

3.1.1 Effects of functional groups and chain length on biochar adsorption of PFASs 

Overall, biochar ability to remove ≥90% of PFASs up to 336 BV varied on types of PFASs 

and background water chemistry. As illustrated in Fig 3.1, biochar adsorption effectiveness was 

found to be influenced by both functional groups and carbon chain length. It was observed that the 

highest to the lowest removal of PFASs occurred in the order perfluoroalkyl sulfonate acids 

(PFSAs) > perfluoroalkyl carboxylic acids (PFCAs) > perfluoroalkyl ether acids PFEAs for a 

given chain-length equivalent. The similar observations were made for PFSAs having better 
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removal than PFCAs in GAC studies (Appleman et al, 2013,2014; Hansen et al, 2010, McCleaf et 

al, 207) and biochar studies (Dalahmeh, Alziq, Ahrens, 2019). PFSAs are likely better removed 

due to having more electrostatic interaction from negatively charged sulfonate functional groups 

and positively charged biochar surface (McCleaf et al, 207). 

Increase in carbon chain length increased the adsorption capacity for all PFASs studied. In 

contrast, the effect of branching was inconsistent across the different study conditions. Comparing 

branched and linear PFEAs, PMPA (branched C4) was less effective than PFMOPrA (linear C4) in 

both groundwater and surface water. PEPA (branched C5) was less effective than PFMOBA 

(branched C5) in groundwater, but PEPA had better removal than PFMOBA in surface water. 

However, as for linear PFEAs, PFMOPrA C4 was better removed in groundwater but less removed 

in surface water than PFMOBA C5. 

 

3.1.2 Effects of dissolved organic matter (DOM) on biochar adsorption of PFASs 

Biochar treatment efficiency of PFASs was also affected by test water with different 

concentrations and character of DOM. As shown in Fig 3.1. PFASs removal was highest in 

groundwater and was greatly reduced in surface water and wastewater.  Appleman et al (2013) 

also found a similar observation where PFASs removal was greater in deionized water than the 

surface water with DOM concentration of 1.7 mg/L DOC. The results indicate that it is important 

to reduce DOM concentration first before biochar treatment in order to increase the removal 

efficiency.   
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Figure 3.1  Comparison of 10% breakthrough (bed volume) data of perfluoroalkyl ether acids 

(PMPA C4, PEPA C5, GenX C6, PFMOPrA C4, and PFMOBA C5), perfluoroalkyl carboxylic acids 

(PFPeA C5, PFHxA C6, and PFHpA C7), and perfluoroalkyl sulfonic acids (PFBS, PFPeS, and 

PFHxS) in groundwater (blue column) and surface water (orange column) in pilot column tests. 

Wastewater CD-RSSCT (grey column) was used as a substitute for pilot data. Note: PFHxS did 

not reach to 10% breakthrough. 
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Figure 3.2 Breakthrough data of pilot columns in groundwater, surface water and 

wastewater. (a-c) represents branched perfluoroalkyl ether acids (PFEAs), (d-e) linear PFEAs, 

(f-h) perfluoroalkyl carboxylic acids, and (i-k) perfluoroalkyl sulfonic acids (PFSAs). 

Key 

 

Green lines – groundwater 

Blue lines - surface water 

Orange lines – wastewater 

Dotted line – BV10% 
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In summary, biochar was the most effective for removing PFASs in groundwater, 

followed by surface water, and wastewater. For groundwater, BV10% values of PFPeA, GenX, 

PFMOBA, PFHxA, PFBS, PFHpA, PFPeS, and PFHxS reached up to ≥ 336 BV. For surface 

water, BV10% values for PFHpA, PFPeS, and PFHxS exceeded 336 BV. CD-RSSCT data for 

wastewater were used to evaluate the effectiveness of biochar because wastewater pilot data is 

not available yet. CD-RSSCT data showed that BV10% values of all PFASs did not reach to 336 

BV. It was also observed that biochar adsorption capacity was influenced by chain-length, 

functional group, and background water chemistry of model waters.  
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Chapter 4: Evaluation of bench-scale tests for simulating PFASs removal in biochar 

adsorbers 

 Rapid small-scale column tests (RSSCT) were developed to replace pilot column 

studies because they save time, cost, and money. Constant diffusivity (CD) and proportional 

diffusivity (PD) are the popular RSSCT approaches to evaluate contaminants removal from full-

scale system. However, they might be challenging to accurately simulate full-scale systems in 

practice at the present of dissolved organic matter. Therefore, the objective of this section is to 

evaluate scaling approaches for simulating PFASs removal by full-sized biochar water treatment 

systems using bench scale batch and column test data and mass transfer modeling methods.  

Several approaches were evaluated for the ability to predict pilot column breakthrough of 

PFASs from RSSCT data. The criteria for predictive ability were that the predicted number of bed 

volumes treated when the concentration of an individual PFASs compound reached 10% of its 

influent value (BV10%) fell within ±20% of its observed value in pilot column studies. BV10% was 

chosen because higher removal of the target contaminants can protect people from adverse health 

impacts and is the goal of drinking water treatment.  

Three categories of predictive approaches were evaluated: (1) direct comparison of CD- 

and PD- RSSCT data to pilot column data, (2) model-fitting approaches using the pore and surface 

diffusion model (PSDM) and the homogenous surface diffusion model (HSDM), and (3) empirical 

approaches using a method to estimate the impact of DOM fouling from physical-chemical 

properties, and linear regression of experimental data. 
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4.1 Direct comparison of RSSCT data to pilot column data 

 If the equilibrium and kinetic parameters governing mass transfer in RSSCT and pilot 

columns are sufficiently similar, then it might be possible to infer pilot-scale performance directly 

from RSSCT data. To test this simple and convenient approach, BV10% of CD and PD-RSSCT are 

directly compared to pilot data in groundwater and surface water. Since pilot column data for 

wastewater is not available, it is excluded from comparison.  

4.1.1 Comparison of CD and PD-RSSCT to Pilot Column 

 CD and PD-RSSCT are popular approaches to serve as a rapid bench scale assessment of 

contaminant removal in the full-scaled absorbers instead of pilot column tests. In order to access 

whether or not CD and PD-RSSCT can be used to predict PFASs breakthrough in full-scaled 

systems, CD and PD-RSSCT data is compared to pilot data. The breakthrough curves of 3 

branched and 2 linear perfluoroalkyl ether acids (PMPA C4, PEPA C5, GenX C6, PFMOPrA C4, 

and PFMOBA C5), 3 linear perfluoroalkyl carboxylic acids (PFPeA C5, PFHxA C6, and PFHpA 

C7), and 3 linear perfluoroalkyl sulfonic acids (PFBS C4, PFPeS C5, and PFHxS C6) from CD, PD, 

and pilot columns were shown in Fig 3.2 (groundwater), Fig 3.3 (surface water), and Fig 3.4 

(wastewater).  The sequence of PFASs breakthrough for different water is similar for all columns; 

PMPA < PEPA < PFMOPrA < PFPeA < GenX < PFMOBA < PFHxA ≈ PFBS < PFHxA < PFHpA 

< PFPeS < PFHxS in all test water. The 10%, 20%, and 50% breakthrough data in bed volumes 

(BV) and specific throughput (L/g) are provided in Appendix B (table B15 and B16). 

RSSCT tests in groundwater and surface water 

 In groundwater column study, BV10% of all PFASs was observed for CD; whereas, PFHpA, 

PFPeS, and PFHxS did not reach to BV10% during the PD experiment, and PFHxS did not 

breakthrough to BV10% during pilot column experiment. The breakthrough curves of PFASs in 
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groundwater are shown in Fig 3.2. CD-RSSCT data underpredicted the BV10% pilot data of GenX 

(𝐵𝑉10%
𝐶𝐷−𝑅𝑆𝑆𝐶𝑇  = 453 BV and 𝐵𝑉10%

𝑃𝑖𝑙𝑜𝑡= 530 BV) and PFPeA (𝐵𝑉10%
𝐶𝐷−𝑅𝑆𝑆𝐶𝑇  = 323 BV and 𝐵𝑉10%

𝑃𝑖𝑙𝑜𝑡= 

369 BV) within 15%, and the rest of the PFASs within 27% to 44%. PD-RSSCT overpredicted the 

pilot breakthrough by a factor of 3 to 4.6 of observed values. Figure 4.1 illustrated the breakthrough 

curves comparison of CD, PD, and pilot columns in groundwater.  

 In surface water, CD-RSSCT overpredicted the pilot breakthrough of PMPA by 67% and 

underpredicted the rest of PFASs by 30% to 60%.  PD-RSSCT overpredicted the pilot 

breakthrough of all PFASs by a factor of 1.9 to 3.5. The breakthrough curves of PFASs in surface 

water are shown in Fig 3.3. CD-RSSCT consistently underpredicted all PFASs while PD-RSSCT 

overpredicted all PFASs in both groundwater and surface water. Figure 4.2 showed comparison of 

CD, PD, and pilot column breakthrough curves for all PFASs.  
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Figure 4.1 PFASs breakthrough curves (a – k) for CD (green), PD (orange), and pilot (blue) 

in groundwater. Dotted lines indicate 90% removal of PFASs. 

 

Key: groundwater 

From a – k,  

Green line - CD 

Orange line - PD 

Blue line – Pilot 

Dotted line – 90% removal 

lines 
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Figure 4.2 PFASs breakthrough data (a – k) for CD (green), PD (orange), and pilot (blue) in 

surface water. Dotted lines indicate 90% removal of PFASs. 

 

 

Key: surface water 

From a – k,  

Green line - CD 

Orange line - PD 

Blue line – Pilot 

Dotted line – 90% removal 

lines 
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4.2  Model fitting approaches using the PSDM and the HSDM 

The basis of these approaches involves fitting a model to RSSCT breakthrough data by 

adjusting model parameter inputs and then translating the model to reflect the pilot column 

operational parameters and re-running the model to produce a predicted breakthrough curve. This 

predicted curve is then compared with the pilot breakthrough data to ascertain the accuracy of the 

approach. 

The PSDM and the HSDM include thermodynamic adsorption capacity parameters as well 

as kinetic parameters. Kinetic parameters in the PSDM include film diffusion (kf), tortuosity (), 

corresponding to the intraparticle diffusion pathlength, and the surface to pore diffusion flux ratio 

(SPDFR). Kinetic parameters in the HSDM include film diffusion (denoted either kf or kL) and the 

intraparticle surface diffusion coefficient (Ds). Thermodynamic adsorption capacity parameter 

inputs to the PSDM and HSDM can be obtained in at least two different ways. One method is to 

conduct a bottle point isotherm study and use the resulting Freundlich or Langmuir isotherm 

parameters as model inputs. Here this is referred to as the “isotherm approach.” Another method 

is to estimate an effective adsorption capacity (denoted K*) directly from breakthrough curve data. 

Here this is referred to as the “K* approach.” 

 

4.2.1 K* approach using PSDM and HSDM 

PSDM, K* approach 

The PSDM was applied to fit RSSCT breakthrough data using the Adsorption Design 

Software (AdDesignS) package developed by Michigan Technological University (Houghton, 

MI). Physical-chemical property inputs for individual PFASs compounds were were obtained from 

the Chemspider website (Table 4.3). Pilot and RSSCT operational parameters are listed in Table 
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2.5. The process of fitting RSSCT data and predicting pilot-scale breakthrough followed the 

procedures by Summers et al (2014). The effective capacity term, K*RSSCT, was estimated from 

RSSCT breakthrough data using equation 4.1 and adjusted until the best visual fit is obtained 

(Corwin, 2010). 1/n was set to 1, and initially the surface to pore diffusion flux ratio (SPDFR) was 

set to the nominal value 1E-30 (because the software cannot accept an entry of “0”). Tortuosity (τ) 

and SPDFR were iteratively adjusted to obtain a good visual fit between the model output and the 

RSSCT breakthrough data. Tortuosity less than one is not physically meaningfully. If reducing 

tortuosity to <1 provided an improved fit, tortuosity was set to 1 and surface diffusion was invoked 

by increasing SPDFR.  

                                         K* ≈ [
𝐵𝑉50%

𝜌𝑏𝑒𝑑
]                                                     eq (4.1) 

, where 𝐵𝑉50%  is bed volume of the 50% breakthrough of the adsorbate, and 𝜌𝑏𝑒𝑑  is the apparent 

density of the biochar bed. Film diffusion (cm/s), surface diffusion (cm2/s) and pore diffusion 

(cm2/s) were generated by AdDesignS. 

 

Table 4.1 Physical/chemical properties of PFASs used in this study. 

PFASs Molecular 
Weight 

Molar 
Vol 
@NBP 

Boiling 
Pt © 

Liquid 
Density 
(g/cm3) 

Solubility 
(mg/L) 

Vapour 
Pressure 
(mmHg) 

Refractive 
index 

Log D 
(ph 
7.4) 

PMPA 230.04 133.8 150.1 1.7 2525 2.1 1.299 -1.06 

PEPA 280.046 161 172 1.74 16.01 0.594 1.3 NA 

GenX 330.05 188.7 187.5 1.7 15.17 0.3 1.295 1.34 

PFMOPrA 230.04 133.8 124.5 1.7 856.3 7.9 1.299 -0.58 

PFMOBA 280.04 161.3 149.7 1.7 182.3 2.2 1.297 0.25 

PFPeA  264.05 154.9 124.4 1.7 61.11 7.9 1.29 -0.34 

PFHxA  314.05 182.4 143 1.7 4.703 3.1 1.29 0.15 

PFHpA 364.06 209.8 175.8 1.7 0.3527 0.5 1.289 1.11 

PFBS 300.1 162.3 214.43 1.8 107 0.0662 1.318 -1.56 
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Table 4.1 (continued).  

 

PFPeS 350.11 189.8 218.19 1.8 8.075 0.0147 1.313 -1.08 

PFHxS 400.12 217.2 238.5 1.841 6.2 0.0046 1.309 0.1 

 

Once the best visual fits for experimental RSSCT breakthrough data were obtained, K* 

and tortuosity or SPDFR were adjusted to generate a predicted breakthrough curve for pilot column 

operational parameters. Model predictions were then compared with experimental pilot column 

breakthrough data. First, normalized total flux for RSSCT (NTFRSSCT) was calculated as equation 

4.2 if SPDFR was 1E-30 and equation 4.3 if SPDFR was greater than 1E-30. 

                                                             NTFRSSCT = 
1

τ
                                              eq (4.2)                                

                                                  NTFRSSCT = SPDFR + 1                                     eq (4.3) 

 Then, normalized total flux for pilot (NTFPilot) was calculated by multiplying scaling factor 

(SF) and NTFRSSCT. Tortuosity and SPDFR used to model were chosen depending on the three 

conditions shown in table 4.4. To account for dissolved organic matter fouling (DOM fouling) in 

pilot column, fouling factor (Y) equation 4.5 was calculated based on principle component analysis 

(PCI) equation 4.4 and Abraham solvation parameters (S, A, B, V, E) for individual adsorbates 

shown in table 4.5. Abraham solvation parameters were obtained for individual PFASs compounds 

by using simplified molecular-input line-entry system (SMILES) codes and UFZ-LSER database, 

HELMHOLTZ Center for Environmental Research. Then, 𝐾𝑃𝑖𝑙𝑜𝑡
∗  was obtained by using fouling 

index (FI) equation (4.6).  

                  PCI = - 0.612S - 0.0274A - 0.307B - 0.341V - 0.558E                       eq (4.4) 

                                                        Y = 0.165×PCI + 0.883                                            eq (4.5) 

                                                         FI = SFY = 
𝐾𝑅𝑆𝑆𝐶𝑇

∗

𝐾𝑃𝑖𝑙𝑜𝑡
∗                                            eq (4.6) 
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Table 4.2 Tortuosity and SPDFR values for pilot PSDM. 

Condition 1 Condition 2 Condition 3 

If NTFPilot > 1, If NTFPilot = 1, If NTFPilot < 1, 

SPDFR = NTFPilot -1, 

τ = 1 

SPDFR = 1E-30, 

τ = 1 

SPDFR = 1E-30, 

τ = 
1

𝑁𝑇𝐹𝑃𝑖𝑙𝑜𝑡
 

 

Table 4.3 SMILES Codes and Abraham Parameters for PFASs. 

 

 

 

 

PFASs SMILES Code A B L S E V 

PMPA C(=O)(C(C(F)(F)F)(OC(F)

(F)F)F)O 

0.46 0.53 1.638 0.36 -0.55 0.9292 

PFMOPrA C(=O)(C(C(OC(F)(F)F)(F)

F)(F)F)O 

0.46 0.53 1.638 0.47 -0.47 0.9292 

PFPeA  C(=O)(C(C(C(C(F)(F)F)(F

)F)(F)F)(F)F)O 

0.46 0.53 2.031 -0.02 -0.62 1.0468 

PFBS C(C(C(F)(F)S(=O)(=O)O)(

F)F)(C(F)(F)F)(F)F 

0.31 0.75 3.258 0.74 -0.42 0.8705 

PEPA OC(=O)C(F)(OC(F)(F)C(F

)(F)F)C(F)(F)F 

0.46 0.53 1.829 0.36 -0.63 1.1055 

PFMOBA C(=O)(C(C(C(OC(F)(F)F)(

F)F)(F)F)(F)F)O 

0.46 0.53 1.829 0.35 -0.62 1.1055 

PFHxA  C(=O)(C(C(C(C(C(F)(F)F)

(F)F)(F)F)(F)F)(F)F)O 

0.46 0.33 2.453 -0.15 -0.77 1.2231 

PFPeS C(C(C(F)(F)F)(F)F)(C(C(F

)(F)S(=O)(=O)O)(F)F)(F)F 

0.46 0.53 2.021 0 -78 1.2818 

GenX C(=O)(C(C(F)(F)F)(OC(C(

C(F)(F)F)(F)F)(F)F)F)O 

0.46 0.33 2.875 -0.27 -0.7 1.3994 
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Table 4.3 (continued).  

 

 

BV10% Pilot breakthrough prediction by PSDM K*  

PSDM K* approach using both CD and PD-RSSCT data was not able to predict BV10% 

pilot breakthrough of all PFASs within ±20% in groundwater, which did not support the hypothesis 

2 (H-2). In surface water, PSDM K* using CD-RSSCT data predicted PEPA, PFMOPrA, and 

PFBS within ±20%, and the rest were underpredicted well above 20%. Using PD-RSSCT data, 

this approach was not able to predict pilot BV10% within ±20%. 

 

HSDM, K* approach 

The Fixed-Bed Adsorption Simulation Tool (FAST 2.1 beta) freeware program  

(Schimmelpfenning and Sperlich, 2011) was used to run the HSDM by inputting RSSCT 

operational parameters (EBCT or adsorbent mass, bed density, particle density, particle diameter, 

influent concentration (C0), and flow rate. The RSSCT film diffusion coefficient (kL
RSSCT) was 

calculated using equation 4.7. The effective adsorption capacity term (K*RSSCT) and surface 

diffusion coefficient (DsRSSCT) were adjusted to obtain a good visual fit of the model output to 

RSSCT breakthrough data (1/n was held constant = 1). To obtain a predicted pilot breakthrough 

curve, K*RSSCT was adjusted using the fouling index (FI) method as explained above to obtain 

PFHpA C(=O)(C(C(C(C(C(C(F)(F)

F)(F)F)(F)F)(F)F)(F)F)(F)

F)O 

0.31 0.75 3.68 0.62 -0.57 1.3474 

PFHxS C(=O)(C(C(C(C(C(C(F)(F)

F)(F)F)(F)F)(F)F)(F)F)(F)

F)O 

0.31 0.75 4.102 0.49 -0.5 1.5237 
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K*pilot (Summers et al, 2014). Ds was adjusted by multiplying by the scaling factor (CD=6.6 and 

PD=11.9) to obtain Pilot column operational parameters were put into the FAST software and 

rerun to generate a predicted pilot breakthrough curve.   

                                               kL =  
𝐷𝐿

𝑑𝑝 ×𝑆ℎ
                                                eq (4.7) 

, where DL is liquid diffusivity, dp is particle diameter, and Sh is sherwood number.  

 

BV10% Pilot breakthrough prediction by HSDM K*  

In groundwater, HSDM K* approach using both CD-RSSCT data was able to predict 

BV10% pilot data of PMPA, PEPA, GenX, and PFHxA within ±20%. With groundwater PD-

RSSCT data, this approach was only able to predict PFMOBA within ±20%. In surface water, 

HSDM K* using CD-RSSCT data predicted GenX, PFMOBA, PFPeA, PFHpA, and PFBS BV10% 

pilot data within ±20%. Using PD-RSSCT data in surface water, this approach was only able to 

predict BV10% pilot breakthrough of PMPA within ±20% of the observed pilot values.  

 

4.2.2 Isotherm approach using PSDM and HSDM 

 Isotherm study 

 A bottle-point isotherm study was conducted to obtain adsorption capacity parameters for 

each PFASs-water combination. The Freundlich isotherm model was fit to batch test data to obtain 

Freundlich capacity (KF) and Freundlich intensity (1/n) values (Table 4.1 and Figure 4.1). PMPA 

is not included in the because Freundlich isotherm results were unrealistically high for all test 

waters for example KF for groundwater is10938 (mg/kg)(L/µg)1/n and 1/n is 7.87. Overall, KF 

values for each PFASs were highest in groundwater, followed by surface water and wastewater. 

For instance, KF for PFBS was 4.75, 1.77, and 1.47 (mg/kg)(L/µg)1/n for groundwater, surface 
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water, and wastewater, respectively. In a few cases, (PFHxA, PFBS, and PFPeS in wastewater 

batch tests), isotherm parameters were obtained using only two data points, which is a limitation 

of this study.  

The Freundlich parameter 1/n indicates linear sorption isotherm as n values become closer 

to 1. The 1/n values for sorption of perfluoroalkyl ether acids (PEPA, GenX, PFMOPrA, 

PFMOBA) were ranging from 0.42 to 0.99 for groundwater, 0.57-1.5 for surface water, and 0.23-

0.72 for wastewater. Generally, 1/n values for PEPA approaches to 1, and thus sorption is 

concentration independent and becomes linear. Although it is rare to observe 1/n values above 1, 

both PEPA and PFMOPrA in surface water have 1/n values of 1.5, which indicate the isotherm is 

convex upward. However, PEPA has only three points to calculate Freundlich isotherm, and thus 

might be an artifact. For perfluoroalkyl carboxylic acids (PFPeA, PFHxA, PFHpA), 1/n values 

ranged from 0.32-0.74 in groundwater, 0.21-0.67 in surface water, and 0.18-0.34 in wastewater, 

which suggest non-linearity. Similar to PFCAs, perfluoroalkyl sulfonic acids (PFBS, PFPeS, 

PFHxS) also ranged from 0.28-0.46 for groundwater, 0.19-0.29 for surface water, and 0.1-0.42 in 

wastewater, indicating non-linearity. The non-linearity might be from the heterogeneity of sorption 

sites and/or adsorbate-adsorbate interactions such as electrostatic repulsion (Chen et al, 2011).  

The Freundlich isotherm parameters from other studies with biochar are provided in table 

4.2. Freundlich parameters values were widely varied between the different studies, KF of PFOS 

ranges from 5.37 to 417.28 (mg/kg)(L/µg)1/n, of PFOA ranges from 1.02 to 1261(mg/kg)(L/µg)1/n 

, and of PFHxS ranging from 1.51 to 1.62 (mg/kg)(L/µg)1/n. The variations in the data might come 

from the diverse sorbent and sorbate concentration, different contact time, and test water types. KF 

values of PFHxS in groundwater (7.56 (mg/kg)(L/µg)1/n) and surface water (5.68 (mg/kg)(L/µg)1/n) 

in this study are higher than the values reported (1.62 and 1.51 (mg/kg)(L/µg)1/n) by Kupryianchyk 
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et al (2016). However, they were similar to wastewater KF (1.61 (mg/kg)(L/µg)1/n). Most studies 

to-date have been conducted as single solute adsorption for mostly PFOA and PFOS in deionized 

water with concentrations ranging from 1 to hundreds of mg/L. Thus, comparison with this study 

that used groundwater, surface water and wastewater containing mixtures of short-chain PFASs in 

the hundreds of ng/L concentration range is not meaningful. This study can be compared with the 

results of Zhi and Liu (2018), who used similar conditions, 600 ng/L of PFOS and PFOA. Their 

results for PFOS (KF = 5.37 (mg/kg)(L/µg)1/n and 1/n = 0.73) is less than the KF value of PFHxS 

in groundwater (7.56 (mg/kg)(L/µg)1/n and 1/n =0.29) but comparable to KF value of PFHxS in 

surface water (KF = 5.68 (mg/kg)(L/µg)1/n).  

 

Table 4.4 Freundlich isotherm terms of PFASs in groundwater, surface water and wastewater, 

KF values are given in (mg/kg)(L/µg)1/n. 1/n is unitless. 

  
              Groundwater         Surface water           Wastewater  
   KF  1/n R2 KF  1/n R2 KF  1/n R2 

PEPA(C5) 1.29 0.66 0.80 2.36 1.49 0.91 0.29 0.36 0.99 

GenX (C6) 2.17 0.42 0.98 1.84 0.57 0.84 0.69 0.23 0.73 

PFMOPrA(C4) 3.80 0.99 0.80 3.53 1.50 0.73 0.85 0.72 0.74 

PFMOBA (C5) 3.27 0.55 0.96 3.49 0.72 0.93 1.29 0.35 0.99 

PFPeA (C5) 2.96 0.74 0.84 1.52 0.67 0.63 0.60 0.34 0.97 

PFHxA(C6) 3.72 0.46 0.91 1.95 0.28 0.88 1.51 0.33 1.00 

PFHpA(C7) 5.85 0.32 0.80 2.08 0.21 0.94 1.19 0.18 0.58 

PFBS (C4) 4.75 0.46 0.93 1.77 0.19 0.93 1.47 0.42 1.00 

PFPeS (C5) 6.11 0.29 0.86 3.12 0.27 0.99 1.145 0.19 1.00 

PFHxS (C6) 7.56 0.28 0.95 5.68 0.29 0.63 1.61 0.16 0.99 
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Table 4.5  Freundlich Isotherm results from other studies. Note: Batch studies were conducted 

in deionized water unless otherwise indicated.  

Biochar 

Type 

Temperature PFASs KF (mg/kg)(L/µg)1/n 1/n References 

Mixed wood 700 PFOS 40.7 0.87  Kupryianchyk 

et al, 2016 PFOA 1.06 0.9  

PFHxS 1.62 0.88  

Paper mill 

waste 

500 PFOS 25.7 0.64  

PFOA 1.02 0.73  

PFHxS 1.51 0.71 

Corn straw 250 PFOS 189.6 0.83 Guo et al, 2017 

400 PFOS 239.21 0.82 

550 PFOS 308.89 0.81 

700 PFOS 417.28 0.79 

Maize straw 400 PFOS 305.16 0.459 Chen et al, 

2011  Willow 400 PFOS 174.78 0.492 

Hardwood 

sawdust 

pellets 

900 PFOA 

(wastewater) 

932 0.32 Inyang and 

Dickerson, 

2017 PFOA (Lake 

water) 

1261 0.32 

Steam-

activated 

pinewood  

700 PFOA 

(WW) 

1173.6 0.29 

PFOA (Lake  

raw) 

1146 0.33 

Mixed hard 

wood 

- PFOS 5.37  0.73 Zhi and Liu, 

2018 PFOA 1.03 0.82 
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Figure 4.3     Freundlich isotherm data of perfluoroalkyl ether acids (PEPA C5, GenX C6, 

PFMOPrA C4, and PFMOBA C5), perfluoroalkyl carboxylic acids (PFPeA C5, PFHxA C6, and 

PFHpA C7), and perfluoroalkyl sulfonic acids (PFBS, PFPeS, and PFHxS) in groundwater (blue) 

and surface water (orange), and wastewater (green).  

 

 

 

Isotherm Data 

 

Legend 

 

Blue – groundwater 

Orange – surface water 

Green – wastewater 
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PSDM, Isotherm Approach 

 The Adsorption Design Software (AdDesignS) package from Michigan Technological 

University, Houghton, MI was used for generating PSDM model fits and predictions. 

Experimentally obtained Freundlich isotherm parameters were inputted into AdDesignS, and   

tortuosity and SPDFR were adjusted iteratively to obtain a good visual fit to RSSCT data. When 

the model could not fit the experimental RSSCT breakthrough curve, preference was given to 

obtaining a food fit to the early breakthrough data (i.e., up to around 20%). Once a good visual fit 

was obtained, the model was re-run using operational parameters from the pilot column and 

adjusting tortuosity or SPDFR as appropriate by multiplying by the scaling factor (SFCD=6.6, 

SFPD=11.9). KF and 1/n were held constant at the experimentally obtained values.  

 

BV10% Pilot breakthrough prediction by PSDM Isotherm approach 

In groundwater, PSDM Isotherm approach using both CD-RSSCT data was able to predict 

BV10% pilot data of GenX, PFMOPrA, PFMOBA, PFPeA, PFHxA, and PFBS within ±20%. With 

surface water CD-RSSCT data, this approach was only able to predict PFHpA pilot breakthrough 

within ±20% of experimental pilot data. In surface water, HSDM K* using PD-RSSCT data was 

not able to predict BV10% pilot data of any of the PFASs within ±20%.   

 

HSDM, Isotherm Approach 

The Fixed-Bed Adsorption Simulation Tool (FAST 2.1 beta) freeware program 

(Schimmelpfenning and Sperlich, 2011) was used for generating HSDM model fits and prediction. 

Experimentally obtained Freundlich isotherm parameters were inputted into FAST program, and 

surface diffusion coefficient (Ds) was adjusted iteratively to obtain a good visual fit to RSSCT 
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data. When the model could not fit the experimental RSSCT breakthrough curve, preference was 

given to obtaining a good fit to the early breakthrough data (i.e., up to around 20%). Once a good 

visual fit was obtained, the model was re-run using operational parameters from the pilot column 

and adjusting Ds as appropriate by multiplying by the scaling factor (SFCD=6.6, SFPD=11.9). KF 

and 1/n were held constant at the experimentally obtained values. 

BV10% Pilot breakthrough prediction by HSDM Isotherm approach 

In groundwater, HSDM Isotherm approach using CD-RSSCT data, was able only predict 

BV10% pilot breakthrough of PEPA within ±20% of the pilot breakthrough data. This approach 

with PD-RSSCT from groundwater was able to predict BV10% pilot breakthrough for PEPA, GenX, 

PFMOPrA, PFMOBA, and PFPeA within ±20% of the pilot breakthrough data. Using CD-RSSCT 

data from surface water, HSDM Isotherm approach was not able to predict pilot breakthrough of 

any of the PFASs within ±20% of experimental pilot data. With PD-RSSCT data, this approach 

was only able to predict BV10%  pilot for PFMOPrA within ±20%.   

 

4.2.3     Empirical Relationship Approaches 

As a simple approach for assessing bench scale methods to accurately simulate early 

PFASs breakthrough, two empirical approaches were used to predict pilot scale BV10% values 

(BV10%
pilot) from experimentally observed RSSCT BV10% values (BV10%

RSSCT). One method 

imputes an estimated impact of DOM fouling based on target adsorbates’ physical-chemical 

properties. Here this is termed the “fouling factor approach.” The other method uses a simple linear 

regression of experimental data based on a large dataset of RSSCT and pilot studies with many 

different water and target adsorbates. Here, for simplicity, this is referred to as the “empirical 

approach.” 
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Fouling Factor (Y-estimation) approach 

 This approach followed the empirical relationship developed by Kennedy et al (2017) for 

estimating a fouling factor (Y) from pH dependent octanol/water partition coefficient (log D), 

influent concentrations of PFASs (C0, MP) to DOC concentrations, and BV10%RSSCT values as 

shown in equation 4.8. The fouling factor (Y) is then used to calculate a fouling index (FI) and 

predict pilot BV10% values (BV10%
pilot) as shown in equations 4.9 and 4.10. 

 

             Y   =  [(2.59 ± 0.11) + (3.94 ± 1.48) 
𝐶0,𝑀𝑃

𝐷𝑂𝐶0
 + (-7.87 × 10-6 ± 1.29 × 10-6) 𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇  + (-

0.402 ±0.054) logD + (4.2 × 10-4 ± 1.29 × 10-4) 
𝐶0,𝑀𝑃

𝐷𝑂𝐶0
 . 𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇  + (2.86 × 10-6 ± 5.87 × 10-

6) 𝐵𝑉10%
𝑅𝑆𝑆𝐶𝑇 . logD](-1.47 ± 0.06)                                                                                eq (4.8)                                                 

 

           FI = SFY = (
dp,LC

 dp,SC
 )Y                                         eq (4.9) 

                                                         BV10%
Pilot  = 

BV10%
RSSCT

FI
                                                 eq (4.10)     

, where dp,LC is the particle diameter of the large column and dp,SC is the particle diameter of the   

small column.                           

BV10% Pilot breakthrough prediction by Y-estimation approach 

 Y-estimation approach using CD-RSSCT was able to predict BV10% pilot breakthrough of 

GenX and PFPeA within ±20% in groundwater. Whereas this approach with PD-RSSCT was not 

able to predict BV10% pilot breakthrough of any of the PFASs ±20%.  In surface water, Y-

estimation approach using both CD and PD was not able to predict pilot BV10% of any of the PFASs 

within ±20%. 
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Empirical approach 

 Kennedy et al (2017) also developed simpler empirical approach by using RSSCT BV10% 

values and BV10% pilot data of 73 micropollutants for a linear regression with the least squared 

method, equation 4.11 and were called as empirical approach A in this study. The pairs of MPs 

include agricultural chemicals (n=38), pharmaceutical and personal care products (n=19), volatile 

organic carbons (n=19), disinfectant by products (n= 4), manufacturing additives (n=2). Both 

𝐵𝑉10%
𝑅𝑆𝑆𝐶𝑇and 𝐵𝑉10%

𝑃𝑖𝑙𝑜𝑡were first converted to natural logarithm values and then regressed.  

ln𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡  = (0.57 ± 0.32) + (0.855 ± 0.029) ln𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇                            eq(4.11) 

Kearns et al (2020) added additional 44 micropollutant pairs of RSSCT and pilot data to 

Kennedy et al (2017) work and formed a new equation (4.12) and were called as empirical 

approach B in this research. The added pairs of MPs were disinfectant byproducts (n=4), 

perfluoroalkyl substances (n=5), and volatile organic carbon (n=12) from other studies, and 

pharmaceutical and personal care products (n=18) and flame retardants (n=2) from the experiment.  

              ln𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡  = (0.8 ± 0.039) ln𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇+ (1.21 ± 0.41)                                eq (4.12) 

 

BV10% Pilot breakthrough prediction by Empirical Approach 

 Empirical approach A using CD and PD-RSSCT data in both groundwater and surface 

water was not able to predict pilot breakthrough data of all PFASs within ±20%.  

 Empirical approach B using CD-RSSCT data in groundwater can predict BV10% values of 

pilot column for PMPA, PEPA, GenX, PFMOPrA, and PFPeA within ±20% of the observed 

values. Using PD-RSSCT in groundwater, this approach was not able to predict pilot BV10% values 

for any of the PFASs. Empirical approach B using CD-RSSCT in surface water predicted BV10% 

pilot breakthrough data of PEPA and PFMOPrA within ±20%. Using PD-RSSCT data from 
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surface water, this approach predicted BV10% pilot breakthrough of GenX, PFMOBA, PFPeA, 

PFHpA, and PFBS within ± 20% of the pilot column values.  

 

4.3 Comparing approaches to simulate pilot scale treatment using bench scale column 

            data   

 Representative PSDM and HSDM RSSCT fit and pilot prediction graphs of PFPeA 

were shown in figure 4.2 – 4.3 for both groundwater and surface water. The RSSCT model fits 

and pilot prediction graphs for the rest of the PFASs are provided in Appendix A (Fig A1 to A4).  

 

4.3.1 Evaluation of pilot breakthrough prediction accuracy in groundwater and surface 

            water 

 

 Modeling and empirical approaches to predict BV10% pilot breakthrough data of PFASs in 

both groundwater and surface water are compared and the data are provided in Table 4.6 to 4.8. In 

groundwater, the scale-up approaches that can predict BV10% pilot breakthrough data of PFASs 

within ±20% are ranked from the best to worse: PSDM Isotherm CD ≈ PSDM Isotherm PD > 

HSDM Isotherm PD ≈ empirical approach B CD > HSDM K* CD > Y-estimation CD> HSDM 

K* PD ≈ HSDM Isotherm CD. The rest of the scale-up approached not included in the ranking 

was not able to predict pilot breakthrough of any of the PFASs within ±20%. The same ranking 

comparison from the best to the worst was done for surface water in  order HSDM K* CD > 

empirical approach B PD > PPSDM K* CD > empirical approach B CD > PSDM Isotherm CD ≈ 

HSDM K* PD ≈ HSDM Isotherm PD. The rest of the approaches not included in the ranking were 

not able to predict BV10% pilot breakthrough.  

 Equilibrium parameters (e.g., KF and 1/n), film diffusion (kf or KL), pore diffusion 

(DP) and surface diffusion DS have been used to describe adsorption of fixed-bed columns in 
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models such as PSDM and HSDM. PSDM considers both surface diffusion and pore diffusion and 

HSDM only accounts for surface diffusion. The modeling approaches that worked the best in 

groundwater (i.e. PSDM Isotherm both CD and PD) is different from surface water (i.e. HSDM 

K* approach). This could be because background DOM and characteristics influence on adsorption 

mechanism in both models such as pore site blocking and direction competition of the adsorption 

sites by DOM. However, understanding the mechanism of why the same approach does not work 

for both ground water and surface water is beyond the scope of this research. Y-estimation 

approach and empirical A approach might not be working here is that the numerical equation 

developed to estimate Y by Kennedy et al (2017) was based on strong adsorbing compounds 

compared to PFASs used in this study. Empirical approach B was able to predict accurately 

compared to empirical approach A. It might be because empirical approach B incorporated 

ln𝐵𝑉10%
𝑅𝑆𝑆𝐶𝑇  and ln𝐵𝑉10%

𝑃𝑖𝑙𝑜𝑡 values of micropollutants that are closer in values from this study.  

 

Table 4.6 10% Bed volumes (BV10%) BV10% pilot values and predicted values using CD and 

PD by PSDM K*, PSDM Isotherm, HSDM K*, HSDM Isotherm and Y-estimation approaches in 

groundwater.  Color coded cells represent the pilot prediction within ±20% of the pilot data. NOB 

means not observed. 

 

Groundwater BV10% Experimental Pilot Results and Pilot Predictions from Different Models  

 Experiment PSDM K* 
PSDM 

Isotherm HSDM K* 
HSDM 

Isotherm 

  Pilot  CD PD CD PD CD PD CD PD 
PMPA 89 66 32   96 205   
PEPA 266 62 99 207 206 286 1125 288 296 
GenX 530 135 372 502 501 522 1200 673 551 
PFMOPrA 286 100 118 304 303 452 NOB 361 317 
PFMOBA 713 189 241 666 664 553 698 865 711 
PFPeA 369 86 150 421 425 454 NOB 549 418 
PFHxA 840 151 248 881 992 678 NOB 1233 1245 
PFHpA 1326 265 383 NOB NOB 865 NOB NOB NOB 
PFBS 1021 236 334 1033 1031 752 1565 1303 1436 
PFPeS 1427 309 492 NOB NOB 983 NOB NOB NOB 
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Table 4.7 10% Bed volumes (BV10%) pilot values and predicted values using CD and PD by 

Y-estimation and empirical regression approaches.  Color coded cells represent the pilot prediction 

within ±20% of the pilot data. NOB means not observed. 

 

BV10% of Experimental pilot data VS pilot prediction by empirical approaches in groundwater 

 Experiment Y-estimation 
Empirical Approach 

A 
Empirical Approach 

B 

  Pilot  CD PD CD PD CD PD 

PMPA 89 30.08 60.04 50 239 77 331 

PEPA 266 50.92 199.73 159 656 226 850 

GenX 530 73.59 414.70 330 1279 447 1588 

PFMOPrA 286 66.24 318.05 170 717 241 924 

PFMOBA 713 90.46 508.63 343 1402 464 1731 

PFPeA 369 62.63 359.08 247 1024 341 1290 

PFHxA 840 108.77 572.17 420 1685 560 2055 

PFHpA 1326 191.27 804.59 549 NOB 720 NOB 

PFBS 1021 135.53 620.89 460 1685 609 2056 

PFPeS 1427 218.08 875.83 614 2123 799 2551 

 

 

Table 4.8 10% Bed volumes (BV10%) pilot values and predicted values using CD and PD by 

PSDM K*, PSDM Isotherm, HSDM K*, HSDM Isotherm in groundwater.  Color coded cells 

represent the pilot prediction within ±20% of the pilot data.  

 

Surface water BV10% Experimental Pilot Results and Pilot Predictions from Different Models  

 Experiment PSDM K* PSDM Isotherm HSDM K* 
HSDM 

Isotherm 

  Pilot  CD PD CD PD CD PD CD PD 
PMPA 18 73 13   101 21   
PEPA 73 80 27 57 51 126 181 48 52 
GenX 161 111 43 303 302 176 299 337 379 
PFMOPrA 92 104 62 139 139 176 199 205 103 
PFMOBA 232 171 78 478 410 201 349 457 449 
PFPeA 135 92 42 216 226 151 279 224 337 
PFHxA 281 139 72 511 524 201 418 531 555 
PFHpA 400 214 65 386 694 358 607 756 803 
PFBS 229 241 7 594 529 226 474 591 608 
PFPeS 460 273 148 916 719 342 651 896 859 
PFHxS 569 433 130 1240 803 621 826 1104 961 
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Table 4.9 10% Bed volumes (BV10%) pilot values and predicted values using CD and PD by 

Y-estimation and empirical regression approaches.  Color coded cells represent the pilot prediction 

within ±20% of the pilot data. 

 

BV10% of Empirical approach pilot prediction in surface water 

 Experiment Y-estimation Empirical Approach A Empirical Approach B 

  Pilot  CD-Pilot PD-Pilot CD-SFW PD-SFW CD-SFW PD-SFW 

PMPA 18 30 60 32 59 51 61 

PEPA 73 51 200 51 164 78 112 

GenX 161 74 415 70 306 104 166 

PFMOPrA 91 66 318 64 244 96 146 

PFMOBA 232 90 509 83 364 123 195 

PFPeA 135 63 359 61 270 92 146 

PFHxA 281 109 572 97 403 143 222 

PFHpA 400 191 805 158 539 224 329 

PFBS 229 136 621 118 432 170 255 

PFPeS 460 218 876 177 580 249 361 

PFHxS 568 254 1061 201 683 281 412 
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Figure. 4.4 Perfluoropentanoic acid (PFPeA) adsorption by biochar in groundwater: isotherm 

test (a), PSDM fit  (b-e) and HSDM fit (f-i) to RSSCT. CD-RSSCT in green and PD-RSSCT in 

red (closed symbols) and pilot (open symbols). RSSCT fits are shown by dark lines, and the 

corresponding pilot model predictions of PFPeA are shown by light lines. CD, constant diffusivity; 

PD, proportional diffusivity; RSSCT, rapid small-scale column; PSDM, pore and surface diffusion 

model; HSDM, homogenous surface diffusion model.  

 

PFPeA (Groundwater) 

Key (all) 

Plot above: Isotherm data 

 

Plots Right: 

Green – CD-RSSCT 

Red – PD-RSSCT 

Closed symbols – RSSCT 

data  

Open symbols – pilot data 

Light lines – model 

predictions of pilot data 

Dark lines - model fits to 

RSSCT data 
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Figure. 4.5 Perfluoropentanoic acid (PFPeA) adsorption by biochar in surface water: isotherm 

test (a), PSDM fit  (b-e) and HSDM fit (f-i) to RSSCT. CD-RSSCT in green and PD-RSSCT in 

red (closed symbols) and pilot (open symbols). RSSCT fits are shown by dark lines, and the 

corresponding pilot model predictions of PFPeA are shown by light lines. CD, constant diffusivity; 

PD, proportional diffusivity; RSSCT, rapid small-scale column; PSDM, pore and surface diffusion 

model; HSDM, homogenous surface diffusion model. 

PFPeA (Surface water) 

Key (all) 

Plot above: Isotherm data 

 

Plots Right: 

Blue – CD-RSSCT 

Black – PD-RSSCT 

Closed symbols – RSSCT 

data Open symbols – pilot 

data 

Light lines – model 

predictions of pilot data 

Dark lines - model fits to 

RSSCT data 
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 Predicted 𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡 from PSDM K* and isotherm approaches, HSDM K* and isotherm 

approaches, Y-estimation approach, empirical approach A, B and empirical for both CD and PD 

were transformed to predicted 𝑙𝑛𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡 and were compared to 𝑙𝑛𝐵𝑉10%

𝑃𝑖𝑙𝑜𝑡 from experimental pilot 

column breakthrough data for groundwater Fig.4.7 and surface water Fig 4.8. Standard error(SE) 

values were computed for pilot predictions 𝑙𝑛𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡 of different approaches by comparing to the 

1:1 line of equality (representing perfect agreement of predicted and observed values). SE values 

explained that how far the mean of the sample is to the true population means (i.e. 1:1 line). SE 

data for both CD and PD was used as an evaluation, having the smaller SE, the better pilot 

breakthrough prediction. A secondary criterion is that, underprediction of the 1:1 line is given 

preference for similar SEs as a more conservative approach (protective of health).  

SE comparison for modeling and empirical approaches does not consider the 10% 

breakthrough data that are not observed during the experimental time, which makes it difficult to 

accurately compare among different pilot breakthrough prediction approaches. For instance, 

PSDM Isotherm only had 7 PFASs data for both CD and PD, HSDM K* had 10 PFASs data for 

CD and 5 PFASs data for PD. Regardless, PSDM Isotherm (both PD and CD)> HSDM Isotherm 

(PD) > HSDM K* (CD) > HSDM Isotherm (CD) > empirical approach B (CD) ≈ Y-estimation 

approach (CD) ≈ experimental CD-RSSCT data are suggested as promising prediction approaches 

in groundwater based on SE values and location of the data under 1:1 line. Like in SE comparison, 

PSDM Isotherm approach (PD and CD) were also suggested as the best prediction approach from 

pilot breakthrough prediction within ±20%. However, empirical approach B was suggested as 

better prediction approach in ±20% pilot breakthrough prediction accuracy criterion compared to 

SE suggestion.  
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For surface water, empirical approach B (PD) > HSDM K* (CD) > PSDM K* (CD) were 

suggested scale-up prediction approach based on SE values and the locations of the points along 

1:1 line. Prediction of pilot BV10% of PFASs within ±20% suggested HSDM K* CD as the best 

approach followed by empirical approach B. Both approaches do not require additional isotherm 

studies, which might save time and efforts in field application. 

   

 
Figure 4.6     a-h for groundwater. Comparison between observed lnBV10% values from pilot 

column to predicted lnBV10% values using CD (circles) and PD (traiangles) data with PSD (a, b) 

and HSD (c,d) models using effective capacity term (K* and 1/n=1) (a, c), or using experimental 

freundlich parameters (KF, and 1/n) (b,d). Y-estimation approach (e) and empirical approach A (f) 

developed by Kennedy et al (2017), and empirical approach B (g) developed by Kearns et al 

(2020), and experimental CD and PD-RSSCT data (h) for 10 PFASs (orange circles for CD and 

orange triangle for PD). PFHxS was excluded from the comparison as 10% breakthrough was not 

observed in the pilot data.  
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Figure 4.7     a-h for surface water. Comparison between observed lnBV10% values from pilot 

column to predicted lnBV10% values using CD (circles) and PD (traiangles) data with PSD (a, b) 

and HSD (c,d) models using effective capacity term (K* and 1/n=1) (a, c), or using experimental 

freundlich parameters (KF, and 1/n) (b,d). Y-estimation approach (e) and empirical approach A (f) 

developed by Kennedy et al (2017), and empirical approach B (g) developed by Kearns et al 

(2020), and experimental CD and PD-RSSCT data (h) for 10 PFASs (orange circles for CD and 

orange triangle for PD).  

 

4.4 Extension of Empirical Approach 

            Empirical approach A developed by Kennedy et al (2017) and empirical approach B later 

extended by Kearns et al (2020) are further developed by adding 42 pairs of 11 𝐵𝑉10%
𝑅𝑆𝑆𝐶𝑇  (CD, 

n=22 and PD, n=20) and 𝐵𝑉10%
𝑃𝑖𝑙𝑜𝑡 PFASs in ground water (DOC=2.8 mg/L) and surface water 

(DOC=4.5 L/g). Kennedy et al (2017) and Kearns et al (2020) combined had 115 pairs of BV10% 

data, which included agrichemicals, volatile organic carbons, disinfectant byproducts, 

pharmaceutical and personal care products, flame retardants, manufacturing additives, and PFASs 

(Kearns et al, 2020). The test water used were groundwater, surface water, and wastewater with 

DOC ranging from 0.4 – 4.9 mg/L (Kearns et al, 2020). The carbonaceous materials used to obtain 

the BV10% values included bituminous GAC, lignite GAC, coconut shell GAC, Calgon carbon 
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filtrasorb 600, Norit GAC, and HWP biochar. Their entire data set also had EBCT ranging from 

7- 15 mins and they were obtained from CD-RSSCT and PD-RSSCT. This study also used HWP 

biochar and empty bed contact time (EBCT). Therefore, regression equation (eq 4.13) include 

different classes of contaminants, a variety of carbonaceous material, various types of water with 

different background chemistry, and a range of EBCT. The combined full data set (n=157) was 

used to develop the regression shown in Fig.4.6 and equation (4.13). The dotted lines shown in Fig 

4.9 and the ± values from the equation (4.13) are upper and lower 95% confident interval, which 

was obtained by multiplying lower and upper standard error by 1.96 (Kearns et al, 2020). 

                         ln 𝐵𝑉10%
𝐹𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒   = (0.83 ± 0.032) ln 𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇  + (0.88 ± 0.294)                    (eq 4.13) 

 

  

Figure 4.8    Empirical regression for predicting ln 𝐵𝑉10%
𝐹𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒  values from ln 𝐵𝑉10%

𝑅𝑆𝑆𝐶𝑇  values. 

Dotted lines represent upper and lower 95% confidence intervals around the regression line (solid 

line). The data set from Kennedy et al (2017) was shown by orange color closed circle. The data 

set added by Kearns et al (2020) was shown in yellow color closed circles, and the data set 

contributed by this study is shown in blue color closed circles for groundwater, and green color 

closed circles for surface water. 
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 In summary, comparison of the performance of pilot prediction approaches using SE 

provide the overall picture about prediction accuracy, which helped choosing a suitable approach 

for designing scale-up water treatment systems in the field. However, it does not provide an insight 

about choosing an appropriate method for a particular PFASs. It also might be difficult to compare 

among the prediction methods when available data points are not the same for all approaches. For 

groundwater, PSDM Isotherm (both CD and PD) in groundwater was chosen as the best prediction 

approach by both SE and hypothesis 2 (H-2) criteria. HSDM K* (CD) and empirical approach B 

(PD) are suggested as best prediction approach in surface water by both SE and hypothesis 2 (H-

2) criteria.   
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Chapter 5: Surrogate Monitoring for PFASs removal in biochar adsorbers 

            Analyzing PFASs by mass spectrometry is expensive and time consuming and requires a 

highly skilled operator. However, the analysis of UVA-254 and fluorophore components 

associated with background DOM is relatively inexpensive and easy to conduct with minimal 

training. UV-absorbing and fluorescing DOM components are present ubiquitously in natural 

water and they are removed together with PFASs by adsorption. In this study, UVA-254 and 

fluorophore components (excitation-emission peaks A and C) were investigated as potential 

surrogates to indicate biochar bed-life for removal of PFASs. To do that, breakthrough of UVA-

254 and fluorescence peaks A and C was quantified along with PFASs in all column configurations 

and test waters. Because UV-absorbing and fluorescing components of DOM also affect biochar 

fouling and PFASs adsorption efficacy, it is expected that consistent relationships can be observed 

between breakthrough of UV/fluorescence surrogates and individual PFASs compounds across 

waters containing DOM of different origins. I hypothesize that ratios of breakthrough percentage 

of UV/fluorescence surrogates to BV10% values for individual PFASs compounds will vary within 

10% or less, independent of water type (model ground water, surface water, and wastewater) or 

column configuration (pilot column, CD- or PD- RSSCT). 

In this chapter, performance of UVA-254, Fluorescence peak A and C as surrogates to 

monitor 11 PFASs in groundwater, surface water and wastewater using pilot, CD-, and PD- 

RSSCT studies is discussed. However, wastewater pilot column data are not yet available due to 

the laboratory shutdown.   
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5.1.1   Evaluation of surrogates in Pilot column studies 

 PFBS was used as an example PFASs to show how UVA-254, peak A and peak C 

breakthroughs corresponding to BV10% breakthrough of PFAFs was measured. Figure 5.1 (a-c) 

showed the surrogates breakthrough in groundwater and Fig 5.1 (d-f) in surface water.  From the 

% breakthrough data of UVA-254, peak A, and peak C described in table 3.1, peak C supported 

the hypothesis by having +/-10% variation of surrogates’ breakthrough when comparing 

groundwater and surface water aside from PFHpA. Breakthrough of UVA-254 in groundwater and 

surface water was within +/- 10% for PMPA, PEPA, GenX, PFBS, PFPeS, and PFHxS. Peak C’s 

breakthrough in groundwater and surface water was consistent only for PMPA, PFPeS, and 

PFHxS. Based on the results, % breakthrough of peak C was the most consistent, followed by 

UVA-254, and peak A.   

 

Figure 5.1  a-c represents PFBS pilot data for groundwater and d-f represents PFBS pilot data 

for surface water. PFBS pilot data are in green (circle, a-f). Surrogates are shown as orange for 

groundwater and blue for surface water. Dotted lines that connect PFBS BV10% to corresponding 

surrogate breakthrough.  
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Table 5.1 Percent breakthrough of UVA-254, Peak A and Peak C corresponding to PFASs 

BV10% breakthrough in groundwater (GW) and surface water (SFW). Wastewater data will be 

added later. Color coded cells indicate surrogates % breakthrough that support the hypothesis that 

have consistent % breakthrough by +/- 10% breakthrough variation in water containing different 

DOC concentrations.  

 

Pilot Column % breakthrough of Surrogates respective to PFASs BV10% 

 UVA-254 (%) Peak A (%) Peak C (%) 

 GW SFW GW SFW GW SFW 

PMPA 1-10 10-20 1-10 10-20 1-10 1-10 

PEPA 1-10 10-20 1-10 60-70 1-10 10-20 

GenX 20-30 30-40 10-20 60-70 10-20 20-30 

PFMOPrA 1-10 20-30 1-10 50-60 1-10 10-20 

PFMOBA 20-30 40-50 20-30 60-70 20-30 20-30 

PFPeA 10-20 30-40 10-20 60-70 10-20 10-20 

PFHxA 30-40 40-50 30-40 60-70 20-30 20-30 

PFHpA 35-45 50-60 40-50 60-70 65-75 30-40 

PFBS 30-40 30-40 40-50 70-80 20-30 20-30 

PFPeS 50-60 50-60 70-80 70-80 40-50 40-50 

PFHxS 50-60 60-70 70-80 70-80 40-50 40-50 

 

 

5.1.2 Evaluation of surrogates in CD-RSSCT studies 

Breakthrough profiles of UVA-254, Peak A and C corresponding to BV10% of PFBS in 

groundwater, surface water, and wastewater from CD columns are shown in Fig 5.1 as an example 

for how % breakthrough of surrogates were obtained. As described in table 3.2, breakthrough % 

of peak C were varied within +/-10% for all PFASs except for PFPeS and PFHxS. UVA-254 was 

also able to have consistent breakthrough range for PMPA, PEPA, GenX, PFMOPrA, PFMOBA, 

PFPeA, and PFHpA. However, peak A breakthrough were observed to be inconsistent for all 

PFASs among test water. Similar to pilot column results, peak C was found to be the most 

consistent, followed by UVA-254, and peak A.  



   

83 

 

 

Figure 5.2 a-c represents PFBS CD-RSSCT data for groundwater, d-f represents PFBS CD-

RSSCT data for surface water and g-i represent PFBS CD-RSSCT data for wastewater. PFBS pilot 

data are in green (circle, a-i). Surrogates are shown as orange for groundwater, blue for surface 

water, and purple for wastewater. Dotted lines that connect PFBS BV10% to corresponding 

surrogate breakthrough. 
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Table 5.2 Percent breakthrough of UVA-254, Peak A and Peak C corresponding to PFASs 

BV10% breakthrough in groundwater (GW), surface water (SFW), and wastewater (WW). Color 

coded cells indicate surrogates % breakthrough that support the hypothesis that have consistent % 

breakthrough by +/- 10% breakthrough variation in water containing different DOC 

concentrations.   

 

CD Column % breakthrough of Surrogates respective to PFASs BV10% 

 UVA-254 (%) Peak A (%) Peak C (%) 

 GW SFW WW GW SFW WW GW SFW WW 

PMPA 1-10 10-20 1-10 1-10 40-50 1-10 1-10 1-10 1-10 

PEPA 1-10 1-10 1-10 1-10 40-50 1-10 1-10 1-10 1-10 

GenX 20-30 1-10 10-20 10-20 40-50 1-10 10-20 1-10 1-10 

PFMOPrA 10-20 10-20 1-10 10-20 40-50 1-10 10-20 10-20 1-10 

PFMOBA 10-20 1-10 10-20 10-20 40-50 1-10 10-20 1-10 1-10 

PFPeA 10-20 1-10 10-20 10-20 40-50 1-10 10-20 1-10 1-10 

PFHxA 30-40 30-40 10-20 20-30 60-70 10-20 20-30 20-30 10-20 

PFHpA 30-40 40-50 20-30 20-30 70-80 10-20 20-30 20-30 10-20 

PFBS 30-40 50-60 10-20 20-30 70-80 10-20 20-30 30-40 10-20 

PFPeS 30-40 50-60 10-20 30-40 70-80 10-20 30-40 30-40 10-20 

PFHxS 50-60 50-60 20-30 30-40 70-80 10-20 30-40 40-50 10-20 

 

 

5.1.3 Evaluation of surrogates in PD-RSSCT studies 

           Figure 5.2 (a-i) presents PFBS breakthrough with respective surrogate in all test water as 

an example. Supporting the hypothesis, breakthrough percentage of peak C remains within +/- 

10% variations in all test water for PMPA, PEPA, PFMOPrA, and PFPeA, supporting the 

hypothesis. UVA-254 percent breakthrough also stayed within the +/-10% for PMPA, PEPA, and 

PFMOPrA. On the other hand, peak A breakthrough percentage in all test water has higher 

variation than 10% for all PFASs. Similar to pilot and CD, peak C was found to have the consistent 

breakthrough for higher number to PFASs, followed by UVA-254 and peak A.  
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Figure 5.3 a-c represents PFBS PD-RSSCT data for groundwater, d-f represents PFBS PD-

RSSCT data for surface water and g-i represent PFBS PD-RSSCT data for wastewater. PFBS pilot 

data are in green (circle, a-i). Surrogates are shown as orange for groundwater, blue for surface 

water, and purple for wastewater. Dotted lines that connect PFBS BV10% to corresponding 

surrogate breakthrough.  
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Table 5.3 Percent breakthrough of UVA-254, Peak A and Peak C corresponding to PFASs 

BV10% breakthrough in groundwater (GW), surface water (SFW), and wastewater (WW). Color 

coded cells indicate surrogates % breakthrough that support the hypothesis that have consistent % 

breakthrough by +/- 10% breakthrough variation in water containing different DOC 

concentrations.   

 

PD Column % breakthrough of Surrogates repective to PFASs BV10% 

 UVA-254 Peak A Peak C 

 GW SFW WW GW SFW WW GW SFW WW 

PMPA 10-20 1-10 10-20 1-10 40-50 1-10 1-10 1-10 1-10 

PEPA 20-30 10-20 10-20 1-10 40-50 1-10 1-10 10-20 1-10 

GenX 30-40 30-40 10-20 10-20 40-50 1-10 10-20 20-30 1-10 

PFMOPrA 20-30 20-30 10-20 1-10 40-50 1-10 1-10 10-20 1-10 

PFMOBA 40-50 40-50 10-20 20-30 40-50 1-10 20-30 20-30 1-10 

PFPeA 30-40 30-40 10-20 10-20 40-50 1-10 10-20 10-20 1-10 

PFHxA 40-50 50-60 10-20 30-40 60-70 1-10 20-30 20-30 1-10 

PFHpA 50-60 60-70 20-30 40-50 70-80 1-10 65-75 30-40 1-10 

PFBS 40-50 50-60 20-30 40-50 70-80 1-10 20-30 20-30 1-10 

PFPeS 50-60 60-70 20-30 70-80 70-80 1-10 40-50 40-50 1-10 

PFHxS 50-60 60-70 30-40 70-80 70-80 10-20 40-50 40-50 10-20 

 

 

When comparing to CD and PD to pilot, breakthrough percentages of surrogates from CD 

perform similar to pilot column, having peak C and UVA-254 being consistent for most PFASs in 

different water types. This observation provide potential for application of surrogate monitoring 

for CD-RSSCT to predict PFASs breakthrough in a full-scale biochar filter. Among UVA-254, 

Peak A, and Peak C performance as surrogates in all column study, peak C breakthrough to BV10% 

PFASs break through was the most stable, followed by UVA-254 and Peak A.  
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CHAPTER 6: Summary and Conclusion  

 The research objectives of this thesis were (1) to quantify and evaluate biochar performance 

on removal of perfluoroalkyl ether acids (PMPA C4, PEPA C5, GenX C6, PFMOPrA C4, and 

PFMOBA C5), perfluoroalkyl carboxylic acids (PFPeA C5, PFHxA C7, and PFHpA C8), 

perfluoroalkyl sulfonic acids (PFBS C4, PFPeS C5, and PFHxS C6) from groundwater, surface 

water, and wastewater in pilot and bench-scale column experiments; (2) to evaluate scaling  

approaches for predicting pilot breakthrough by mass transfer modeling methods using bench-

scale and pilot data; and (3) to evaluate UV-254 and fluorescence spectroscopy measurements as 

surrogates for monitoring BV10% PFASs breakthrough. To meet the research objectives, three 

hypotheses were tested and used as criteria.   

 In Hypothesis 1 (H-1), I hypothesized that high temperature (≥ 850 oC) hardwood biochar 

will be able to remove ≥90% of PFASs from groundwater, surface water, and wastewater up to 

336 BV, which is equivalent to replacing biochar every 7 days and every 3 months for household 

and community-scale biochar treatment systems, respectively.  

Using data collected in pilot column studies, in model groundwater containing DOM at a 

concentration of 2.8 mg/L DOC, the hypothesis was supported for PFPeA, GenX, PFMOBA, 

PFHxA, PFBS, PFHpA, PFPeS, and PFHxS. In model surface water containing DOM at a 

concentration of 4.5 mg/L DOC, the hypothesis was supported for PFHpA, PFPeS, and PFHxS. 

Pilot column data for wastewater containing DOM at a concentration of 5.8 mg/L DOC are not yet 

available. Wastewater CD-RSSCT data were used as a temporary substitute for evaluating this 

hypothesis. In groundwater and surface water, CD-RSSCT data was observed to underpredict the 

pilot data. The hypothesis was disconfirmed for all PFASs in wastewater CD-RSSCT experiments. 
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Therefore, it is concluded that DOM concentration and character exert a strong influence on the 

feasibility of short-chain PFASs removal in biochar water treatment systems. 

For treatment of groundwater, branched PFEAs shorter than C-6 equivalent carbon chains, 

and linear PFEAs shorter than C-5 equivalent carbon chains might require biochar replacement 

frequencies more often than considered practical or economical. For treatment of surface water, 

PFEAs, PFCAs shorter than C-7 equivalent carbon chains, and PFSAs with shorter than C-5 

equivalent carbon chains might also require biochar replacement frequencies more often than 

considered practical or economical. 

 In Hypothesis 2 (H-2), I hypothesized that modeling and empirical approaches can predict 

pilot breakthrough of PFASs from RSSCT data within ± 20% of the number of bed volumes to 

10% breakthrough of individual PFASs compounds. Among scale-up approaches in groundwater, 

the PSDM using isotherm data was able to predict six PFASs (GenX, PFMOPrA, PFMOBA, 

PFPeA, PFHxA, and PFBS) within ± 20% from CD- and PD- RSSCT data and found to be the 

best approach.  

In surface water experiments, the HSDM K* approach was able to predict GenX, 

PFMOBA, PFPeA, PFHpA, PFBS, and PFHxS from CD-RSSCT data, while empirical approach 

B using PD- RSSCT data was able to predict GenX, PFMOBA, PFPeA, PFHpA, and PFBS within 

± 20%. Both of these approaches were identified as the best approaches among scaling approaches 

examined in this study.  

As an overall recommendation, empirical approaches using CD_RSSCT are recommended 

for predicting short-chain PFASs removal in groundwater or surface water because the CD-RSSCT 

saves time and experimental resources compared with the PD-RSSCT design and gives predictions 

of equal accuracy.  
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 In Hypothesis 3 (H-3), I hypothesized that UVA-254 and fluorescence peak C and peak A 

will have consistent breakthrough relationships (within +/-10%)  with short-chain PFASs 

independent of water type (i.e., containing DOM with different concentrations and characteristics) 

or column test configuration.  Peak C was found to breakthrough the most consistently within +/-

10% variations for all PFASs, except for PFHpA in pilot column tests and PFPeS and PFHxS in 

CD-RSSCT experiments.  

UVA-254 breakthrough remained within +/- 10% variation for PMPA, PEPA, GenX, 

PFHpA, PFBS, and PFPeS in pilot column studies, and for PMPA, PEPA, GenX, PFMOPrA, 

PFMOBA, PFPeA, and PFHpA in CD-RSSCT columns.  Peak A was found to have the least 

consistent breakthrough compared to peak C and UVA-254. Surrogates breakthrough in PD was 

less consistent when compared with pilot and CD.  

From a practical perspective, although peak C was found to be the most consistent 

surrogate, UVA-254 performed nearly as well and should still be considered a potential surrogate 

because the instrumentation is less expensive and the analysis much simpler compared to 

fluorescence excitation-emission spectra.  

 

Recommendation and Future work 

 For field practitioners looking for the bench scale column test to replace pilot column, CD-

RSSCT is recommended because CD column saves both time and water. Moreover, based on this 

research, modeling approaches using CD-RSSCT data was able to accurately predict pilot 

breakthrough of PFASs within ± 20% in five out of seven approaches in groundwater and four out 

of seven approaches in surface water. Surrogates breakthrough from CD is similar to pilot, which 

can potentially be used to monitor PFASs breakthrough in CD and further utilize to predict PFASs 
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breakthrough in full-scale systems. However, more studies should be conducted to confirm the 

surrogate result from this study as PD-RSSCT are generally known to be more accurate on 

monitoring DOM breakthrough.  

 This research did not consider daily or seasonal change in DOC concentrations in drinking 

water sources. Another consideration should be accounted for is temperature. Since this research 

was conducted in North Carolina State University, the ambient laboratory temperature is 

approximately 22˚C, whereas in Southeast Asia the daily temperature can be ≥ 33˚C, which can 

cause different adsorption kinetics as well as more rapid biodegradation of dissolved organic 

matter.  Therefore, future work is needed to assess whether or not the results from this work stay 

consistent in the field by implementing full scale treatment systems to monitor both PFASs and 

surrogate breakthrough. 
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Appendix B 

 

Table B1 Influent concentrations (C0) of PFASs in groundwater, surface water and  

                        Wastewater. 

 
 

C0 (ng/L) 

Groundwater Surface water Wastewater 

PMPA 377 402 261 

PEPA 366 383 278 

GenX 409 419 245 

PFMOPrA  1516 1136 772 

PFMOBA 359 450 349 

PFPeA 314 449 419 

PFHxA 287 456 419 

PFHpA  360 337 321 

PFBS 442 411 275 

PFPeS  360 362 239 

PFHxS 376 538 387 

 

Table B2 PSDM K* parameters in groundwater. 

 

PSDM K* in groundwater 
CD PD 

ꚌRSSC

T 
SPDFRRSSC

T 
K*RSSC

T 
SPDFRPilo

t 
K*Pilo

t 
ꚌRSSC

T 
SPDFRRSSC

T 
K*RSSC

T 
SPDFRPilo

t 
K*Pilo

t 
PMPA 5.2 1.00E-30 1.95 1.36 0.67 3 1.00E-30 1.95 2.97 0.27 
PEPA 1 5.2 5.8 39.92 0.48 1.9 1.00E-30 5.8 5.26 0.82 
GenX 1 6.5 29.3 48.50 1.04 4.5 1.00E-30 29.3 1.64 3.74 
PFMOPr
A 1 3.4 7.2 28.04 0.74 4.2 1.00E-30 7.2 1.83 1.06 
PFMOBA 1 2.65 14.5 23.09 1.44 2.2 1.00E-30 14.5 4.41 2.04 
PFPeA 1 5.4 11.9 41.24 0.65 3.3 1.00E-30 11.9 2.61 1.33 
PFHxA 1 5.3 17.2 40.58 1.16 1.3 1.00E-30 17.2 8.15 2.04 
PFHpA 1 3.1 31.8 26.06 2.10 3.8 1.00E-30 31.8 2.13 3.81 
PFBS 1 5.2 15.7 39.92 1.78 1 5.2 15.7 64.45 2.51 
PFPeS 1 6.5 28.3 45.86 2.38 3 1.00E-30 28.3 2.97 4.54 
PFHxS 1 9.5 35.8 68.30 3.27 3 1.00E-30 35.8 2.97 5.79 
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Table B3 PSDM K* parameters in surface water. 

 

PSDM K* in surface water 

 CD-SFW PD 

 ꚌRSSCT K*RSSCT SPDFRPilot K*Pilot ꚌRSSCT SPDFRRSSCT K*RSSCT SPDFRPilot K*Pilot 

PMPA 2.8 3 0.27 0.76 5.5 1.00E-30 0.85 1.16 0.12 

PEPA 2.7 3.5 1.44 0.79 1 2 1.50 34.70 0.21 

GenX 5.5 7.1 0.20 1.48 1 2.30E+00 2.60 38.30 0.33 

PFMOPrA 2.7 4.2 1.44 0.97 5.3 1.00E-30 4.00 1.25 0.59 

PFMOBA 2.85 6.2 1.32 1.39 2 1.00E-30 4.60 4.95 0.65 

PFPeA 3 4.5 1.20 0.91 1 1.3 2.50 26.37 0.31 

PFHxA 3.85 8 0.71 1.57 1.9 1.00E-30 5.10 5.26 0.60 

PFHpA 3.8 12.8 0.74 2.54 6.7 1.00E-30 4.90 0.78 0.59 

PFPeS 3.5 12.2 0.89 3.03 1.9 1.00E-30 7.90 5.26 1.27 

PFBS 3 9.8 1.20 2.43 2.1 1.00E-30 5.60 4.67 0.90 

PFHxS 2.1 13.2 2.14 4.33 6.3 1.00E-30 9.30 0.89 1.51 

 

Table B4 HSDM Isotherm parameter in groundwater and surface water.  

 

 HSDM Isotherm in groundwater HSDM Isotherm in surface water 

 

DsCD 

(m2/sec) 
DsCD-Pilot 

(m2/sec) 
DsPD 

(m2/sec) 
DsPD-Pilot 

(m2/sec) 
DsCD 

(m2/sec) 
DsCD-Pilot 

(m2/sec) 
DsPD 

(m2/sec) 
DsPD-Pilot 

(m2/sec) 

PEPA 
2.00 
E-13 

1.32E-
12 

5.00E-
13 

5.95E-
12 

1.98E-
12 

1.31E-
11 

8.50E-
13 

1.01E-
11 

GenX 
8.00E-

15 
5.28E-

14 
5.00E-

13 
5.95E-

12 
2.50E-

14 
1.65E-

13 
2.00E-

14 
2.38E-

13 

PFMOPrA 
5.00E-

14 
3.30E-

13 
1.70E-

14 
2.02E-

13 
7.00E-

12 
4.62E-

11 
5.00E-

11 
5.95E-

10 

PFMOBA 
5.00E-

14 
3.30E-

13 
1.00E-

14 
1.19E-

13 
1.30E-

14 
8.58E-

14 
8.00E-

15 
9.52E-

14 

PFPeA 
5.00E-

14 
3.30E-

13 
1.20E-

14 
1.43E-

13 
3.50E-

14 
2.31E-

13 
2.50E-

13 
2.98E-

12 

PFHxA 
2.00E-

14 
1.32E-

13 
1.00E-

14 
1.19E-

13 
1.50E-

14 
9.90E-

14 
9.50E-

15 
1.13E-

13 

PFHpA 
8.00E-

15 
5.28E-

14 
5.00E-

13 
5.95E-

12 
9.00E-

15 
5.94E-

14 
6.00E-

15 
7.14E-

14 

PFBS 
3.00E-

14 
1.98E-

13 
1.00E-

14 
1.19E-

13 
1.30E-

14 
8.58E-

14 
8.00E-

15 
9.52E-

14 

PFPeS 
9.00E-

14 
5.94E-

13 
1.00E-

13 
1.19E-

12 
6.00E-

15 
3.96E-

14 
3.00E-

15 
3.57E-

14 

PFHxS 
6.00E-

15 
3.96E-

14 
5.00E-

13 
5.95E-

12 
3.50E-

15 
2.31E-

14 
1.50E-

15 
1.79E-

14 

 

 

 



   

108 

 

Table B5 HSDM K* parameter in groundwater.  

 

 HSDM K* in groundwater 

 K*CD DsCD (m2/sec) 
DsCD-Pilot 

(m2/sec) K*PD 
DsPD 

(m2/sec) 
DsPD-Pilot 

(m2/sec) 

PMPA 1.35 6.00E-14 3.96E-13 1.9 1.00E-13 1.19E-12 

PEPA 2.5 2.20E-13 1.45E-12 5.6 7.00E-13 8.33E-12 

GenX 4.3 3.50E-13 2.31E-12 12.5 8.00E-13 9.52E-12 

PFMOPrA 4.5 5.00E-14 3.30E-13 6.5 3.00E-13 3.57E-12 

PFMOBA 4.5 5.00E-13 3.30E-12 13.9 5.00E-13 5.95E-12 

PFPeA 3.8 2.80E-13 1.85E-12 9.6 7.00E-13 8.33E-12 

PFHxA 5.5 5.00E-13 3.30E-12 17.5 5.00E-13 5.95E-12 

PFHpA 7 4.50E-13 2.97E-12 23.5 5.00E-13 5.95E-12 

PFBS 6.1 5.00E-13 3.30E-12 17.2 4.00E-13 4.76E-12 

PFPeS 7.9 7.00E-13 4.62E-12 23.5 8.00E-13 9.52E-12 

PFHxS 8.8 6.00E-13 3.96E-12 24.5 5.00E-13 5.95E-12 

 

Table B6 HSDM K* parameter in surface water. 

 

 HSDM K* in surface water 

 K*CD 
DsCD 

(m2/sec) 
DsCD-Pilot 

(m2/sec) K*PD 
DsPD 

(m2/sec) 
DsPD-Pilot 

(m2/sec) 

PMPA 0.9 5.00E-13 3.30E-12 1 8.00E-15 9.52E-14 

PEPA 1.1 5.00E-13 3.30E-12 1.8 7.00E-14 8.33E-13 

GenX 1.5 5.00E-13 3.30E-12 3 4.00E-14 4.76E-13 

PFMOPra 1.5 5.00E-13 3.30E-12 4 6.00E-15 7.14E-14 

PFMOBA 1.7 5.00E-13 3.30E-12 4.5 1.20E-14 1.43E-13 

PFPeA 1.3 5.00E-13 3.30E-12 2.6 7.00E-14 8.33E-13 

PFHxA 1.7 5.00E-13 3.30E-12 5 1.30E-14 1.55E-13 

PFHpA 3.6 6.00E-14 3.96E-13 7.5 8.00E-15 9.52E-14 

PEBS 1.9 5.00E-13 3.30E-12 5.3 1.50E-14 1.79E-13 

PFPeS 3.3 8.00E-14 5.28E-13 7.7 8.70E-15 1.04E-13 

PFHxS 7 2.00E-14 1.32E-13 10.4 5.50E-15 6.55E-14 
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Table B7 10% breakthrough (bed volumes) of pilot, constant diffusivity (CD) and 

proportional diffusivity (PD) in groundwater. 

 

 Groundwater experimental data 

 Pilot  CD PD Pilot CD PD 

 BV10%  BV10%  BV10%  lnBV10%  lnBV10%  lnBV10%  

PMPA 89 50 311 4.49 3.91 5.74 

PEPA 266 193 1012 5.58 5.26 6.92 

GenX 530 453 2210 6.27 6.12 7.70 

PFMOPrA 286 209 1123 5.66 5.34 7.02 

PFMOBA 713 475 2462 6.57 6.16 7.81 

PFPeA 369 323 1705 5.91 5.78 7.44 

PFHxA 840 601 3052 6.73 6.40 8.02 

PFHpA 1326 822 NOB 7.19 6.71 NOB 

PFBS 1021 668 3053 6.93 6.50 8.02 

PFPeS 1427 937 NOB 7.26 6.84 NOB 

PFHxS NOB 1083 NOB NOB 6.99 NOB 

 

Table B8 10% breakthrough (bed volumes) of pilot, constant diffusivity (CD) and 

proportional diffusivity (PD) in surface water. 

 

 Surface water experimental data 

 Pilot  CD PD Pilot CD PD 

 BV10%  BV10%  BV10%  lnBV10%  lnBV10%  lnBV10%  

PMPA 18 30 60 2.89 3.40 4.10 

PEPA 73 51 200 4.29 3.93 5.30 

GenX 161 74 415 5.08 4.30 6.03 

PFMOPrA 92 66 318 4.52 4.19 5.76 

PFMOBA 232 90 509 5.45 4.51 6.23 

PFPeA 135 63 359 4.91 4.14 5.88 

PFHxA 281 109 572 5.64 4.69 6.35 

PFHpA 400 191 805 5.99 5.25 6.69 

PFBS 229 136 621 5.43 4.91 6.43 

PFPeS 460 218 876 6.13 5.39 6.78 

PFHxS 569 254 1061 6.34 5.54 6.97 
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Table B9 BV10% pilot breakthrough prediction by PSDM K* in groundwater and surface  

  water. 

 

 Pilot prediction of PSDM K* 

 Groundwater Surface water 

 CD PD CD PD CD PD CD PD 

 BV10%  BV10%  lnBV10%  lnBV10%  BV10%  BV10%  lnBV10%  lnBV10%  

PMPA 66 32 4.19 3.48 73 13 4.30 2.53 

PEPA 62 99 4.13 4.59 80 27 4.38 3.31 

GenX 135 372 4.90 5.92 111 43 4.71 3.76 

PFMOPrA 100 118 4.61 4.77 104 62 4.65 4.13 

PFMOBA 189 241 5.24 5.48 171 78 5.14 4.36 

PFPeA 86 150 4.45 5.01 92 42 4.52 3.73 

PFHxA 151 248 5.02 5.51 139 72 4.93 4.28 

PFHpA 265 383 5.58 5.95 214 65 5.37 4.17 

PFBS 236 334 5.47 5.81 241 7 5.49 1.98 

PFPeS 309 492 5.73 6.20 273 148 5.61 5.00 

PFHxS 418 608 6.04 6.41 433 130 6.07 4.87 

 

 

Table B10 BV10% pilot breakthrough prediction by PSDM Isotherm in groundwater and    

                        surface water. 

 

 Pilot prediction of PSDM Isotherm 

 Groundwater Surface water 

 CD PD CD PD CD PD CD PD 

 BV10%  BV10%  lnBV10%  lnBV10%  BV10%  BV10%  lnBV10%  lnBV10%  

PEPA 207 206 5.33 5.33 57 51 4.04 3.93 

GenX 502 501 6.22 6.22 303 302 5.71 5.71 

PFMOPrA 304 303 5.72 5.71 139 139 4.94 4.94 

PFMOBA 666 664 6.50 6.50 478 410 6.17 6.02 

PFPeA 421 425 6.04 6.05 216 226 5.38 5.42 

PFHxA 881 992 6.78 6.90 511 524 6.24 6.26 

PFHpA NOB NOB NOB NOB 386 694 5.96 6.54 

PFBS 1033 1031 6.94 6.94 594 529 6.39 6.27 

PFPeS NOB NOB NOB NOB 916 719 6.82 6.58 

PFHxS NOB NOB NOB NOB 1240 803 7.12 6.69 
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Table B11 BV10% pilot breakthrough prediction by HSDM K* in groundwater and surface  

  water. 

 

 Pilot prediction of HSDM K* 

 Groundwater Surface water 

 CD PD CD PD CD PD CD PD 

 BV10%  BV10%  lnBV10%  lnBV10%  BV10%  BV10%  lnBV10%  lnBV10%  

PMPA 96 205 4.57 5.32 101 21 4.61 3.05 

PEPA 286 1125 5.65 7.03 126 181 4.83 5.20 

GenX 522 1200 6.26 7.09 176 299 5.17 5.70 

PFMOPrA 452 NOB 6.11 NOB 176 199 5.17 5.29 

PFMOBA 553 698 6.31 6.55 201 349 5.30 5.86 

PFPeA 454 NOB 6.12 NOB 151 279 5.02 5.63 

PFHxA 678 NOB 6.52 NOB 201 418 5.30 6.03 

PFHpA 865 NOB NOB NOB 358 607 5.88 6.41 

PFBS 752 1565 6.62 7.36 226 474 5.42 6.16 

PFPeS 983 NOB NOB NOB 342 651 5.83 6.48 

PFHxS 1094 NOB NOB NOB 621 826 6.43 6.72 

 

 

Table B12 BV10% pilot breakthrough prediction by HSDM Isotherm in groundwater and 

surface water. 

 

 Pilot prediction of HSDM Isotherm 

 Groundwater Surface water 

 CD PD CD PD CD PD CD PD 

 BV10%  BV10%  lnBV10%  lnBV10%  BV10%  BV10%  lnBV10%  lnBV10%  

PEPA 288 296 5.66 5.69 48 52 3.86 3.95 

GenX 673 551 6.51 6.31 337 379 5.82 5.94 

PFMOPrA 361 317 5.89 5.76 205 103 5.32 4.64 

PFMOBA 865 711 6.76 6.57 457 449 6.12 6.11 

PFPeA 549 418 6.31 6.04 224 337 5.41 5.82 

PFHxA 1233 1245 7.12 7.13 531 555 6.27 6.32 

PFHpA NOB NOB NOB NOB 756 803 6.63 6.69 

PFBS 1303 1436 7.17 7.27 591 608 6.38 6.41 

PFPeS NOB NOB NOB NOB 896 859 6.80 6.76 

PFHxS NOB NOB NOB NOB 1104 961 7.01 6.87 
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Table B13 BV10% pilot breakthrough prediction by Y-estimation approach in groundwater  

                        and surface water. 

 

  Pilot Prediction with Y-estimation 

 Groundwater Surface water 

 CD PD CD PD CD PD CD PD 

 BV10%  BV10%  lnBV10%  lnBV10%  BV10%  BV10%  lnBV10%  lnBV10%  
PMPA 50 311 3.91 5.74 30 60 3.40 4.09 
PEPA 193 1012 5.26 6.92 51 200 3.93 5.30 
GenX 453 2210 6.12 7.70 74 415 4.30 6.03 
PFMOPrA  209 1123 5.34 7.02 66 318 4.19 5.76 
PFMOBA 475 2461 6.16 7.81 90 509 4.50 6.23 
PFPeA 323 1704 5.78 7.44 63 359 4.14 5.88 
PFHxA 601 3051 6.40 8.02 109 572 4.69 6.35 
PFHpA  822 NOB 6.71 NOB 191 805 5.25 6.69 
PFBS 668 3053 6.50 8.02 136 621 4.91 6.43 
PFPeS  936 NOB 6.84 NOB 218 876 5.38 6.78 
PFHxS 1082 NOB 6.99 NOB 254 1061 5.54 6.97 

 

 

Table B14 BV10% pilot breakthrough prediction by empirical approaches in groundwater  

                        and surface water. 

 

 Pilot prediction of Empirical Approach A Pilot prediction of Empirical Approach B 

 Groundwater Surface Water Groundwater Surface Water 

 CD PD CD PD CD PD CD PD 

 lnBV10%  lnBV10%  lnBV10%  lnBV10%  lnBV10%  lnBV10%  lnBV10%  lnBV10%  

PMPA 3.91 5.48 3.48 4.07 4.3 5.8 3.93 4.12 

PEPA 5.07 6.49 3.93 5.10 5.4 6.7 4.35 4.72 

GenX 5.80 7.15 4.25 5.72 6.1 7.4 4.65 5.11 

PFMOPrA 5.14 6.58 4.16 5.50 5.5 6.8 4.56 4.98 

PFMOBA 5.84 7.25 4.42 5.90 6.1 7.5 4.81 5.27 

PFPeA 5.51 6.93 4.11 5.60 5.8 7.2 4.52 4.99 

PFHxA 6.04 7.43 4.58 6.00 6.3 7.6 4.96 5.40 

PFHpA 6.31 NOB 5.06 6.29 6.6 NOB 5.41 5.80 

PFBS 6.13 7.43 4.77 6.07 6.4 7.6 5.14 5.54 

PFPeS 6.42 7.66 5.17 6.36 6.7 7.8 5.52 5.89 

PFHxS NOB NOB 5.31 6.53 NOB NOB 5.64 6.02 
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Table B15 10%, 20%, and 50% bed volume (BV) breakthrough data for CD, PD, and pilot 

column breakthrough in groundwater, surface water, and wastewater. NOB means not observed. 

CD, constant diffusivity. PD, proportional diffusivity. 

 

 Groundwater Surface water Wastewater 

PFASs BV  CD PD Pilot CD PD Pilot CD PD 

PMPA 

10% 50 311 89 30 60 18 22 62 

20% 74 338 122 56 72 32 29 77 

50% 144 418 191 134 110 55 52 121 

PEPA 

10% 193 1012 265 50 199 72 45 175 

20% 232 1067 293 82 288 99 66 210 

50% 409 1220 475 177 347 229 112 252 

GenX 

10% 453 2210 530 73 415 161 86 300 

20% 543 2355 728 127 469 236 118 333 

50% 918 2558 1122 309 651 454 200 424 

PFMOPr
A 

10% 209 1123 286 66 318 91 47 209 

20% 277 1246 389 114 371 146 69 234 

50% 777 1655 1098 353 848 796 130 306 

PFMOBA 

10% 474 2462 713 90 508 232 95 330 

20% 608 2617 979 161 581 329 130 387 

50% 984 3120 1488 356 918 824 241 484 

PFPeA 

10% 323 1705 369 63 359 135 73 280 

20% 422 1848 522 106 420 200 92 302 

50% 672 2163 1020 262 561 425 161 370 

PFHxA 

10% 601 3052 839 108 572 281 123 405 

20% 743 3268 1119 1967 677 381 152 458 

50% 1213 3630 NOB 364 990 804 264 606 

PFHpA 

10% 822 NOB 1326 191 805 400 159 536 

20% 1037 NOB NOB 278 976 563 204 607 

50% 1813 NOB NOB 532 1506 1224 401 823 

PFBS 

10% 668 3053 1021 136 621 228 130 413 

20% 856 3277 1247 233 747 420 163 470 

50% 1377 3711 NOB 395 1166 828 282 628 

PFPeS 

10% 936 NOB 1426 218 876 460 169 554 

20% 1165 NOB NOB 299 1065 625 225 636 

50% 2005 NOB NOB 562 1554 1344 446 875 

PFHxS 

10% 1083 NOB NOB 254 1061 569 216 647 

20% 1353 NOB NOB 328 1338 984 277 772 

50% 2699 NOB NOB 866 2080 NOB 588 1094 
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Table B16 10%, 20%, and 50% specific through put (L/g) breakthrough data for CD, PD, and 

pilot column breakthrough in groundwater, surface water, and wastewater. NOB means not 

observed. CD, constant diffusivity. PD, proportional diffusivity. 

 

 Groundwater Surface water Wastewater 

 Throughput 
(L/g) 

CD PD Pilot CD PD Pilot CD PD 

PMPA 

10% 0.22 1.38 0.40 0.13 0.27 0.08 0.10 0.28 

20% 0.33 1.50 0.54 0.25 0.32 0.15 0.13 0.34 

50% 0.64 1.86 0.85 0.60 0.49 0.25 0.23 0.54 

PEPA 

10% 0.86 4.50 1.18 0.23 0.89 0.32 0.20 0.78 

20% 1.03 4.75 1.30 0.37 1.28 0.44 0.30 0.94 

50% 1.82 5.43 2.12 0.79 1.54 1.02 0.50 1.12 

GenX 

10% 2.01 9.83 2.36 0.33 1.85 0.72 0.38 1.34 

20% 2.41 10.47 3.24 0.56 2.09 1.05 0.52 1.48 

50% 4.08 11.38 4.99 1.37 2.89 2.02 0.89 1.89 

PFMOPr
A 

10% 0.93 4.99 1.27 0.29 1.41 0.41 0.21 0.93 

20% 1.23 5.54 1.73 0.51 1.65 0.65 0.31 1.04 

50% 3.45 7.36 4.88 1.57 3.77 3.54 0.58 1.36 

PFMOBA 

10% 2.11 10.95 3.17 0.40 2.26 1.03 0.42 1.47 

20% 2.70 11.64 4.36 0.71 2.59 1.47 0.58 1.72 

50% 4.37 13.88 6.62 1.58 4.08 3.67 1.07 2.16 

PFPeA 

10% 1.43 1.64 7.58 0.28 1.60 0.60 0.33 1.25 

20% 1.87 2.32 8.22 0.47 1.87 0.89 0.41 1.35 

50% 2.98 4.54 9.62 1.16 2.50 1.89 0.71 1.64 

PFHxA 

10% 2.67 13.57 3.74 0.48 2.55 1.25 0.55 1.80 

20% 3.29 14.54 4.98 0.87 3.01 1.70 0.68 2.04 

50% 5.38 16.14 NOB 1.62 4.40 3.58 1.17 2.69 

PFHpA 

10% 3.65 NOB 5.90 0.85 3.58 1.78 0.70 2.39 

20% 4.60 NOB NOB 1.23 4.34 2.50 0.90 2.70 

50% 8.05 NOB NOB 2.36 6.70 5.44 1.78 3.66 

PFBS 

10% 2.96 13.58 4.54 0.60 2.76 1.02 0.58 1.84 

20% 3.80 14.58 5.55 1.04 3.32 1.66 0.73 2.09 

50% 6.11 16.51 NOB 1.76 5.19 3.09 1.25 2.80 

PFPeS 

10% 4.16 NOB 6.35 0.97 3.90 2.05 0.75 2.47 

20% 5.17 NOB NOB 1.33 4.74 2.78 1.00 2.83 

50% 8.90 NOB NOB 2.49 6.91 5.98 1.98 3.89 

PFHxS 

10% 4.80 NOB NOB 1.13 4.72 2.53 0.96 2.87 

20% 6.00 NOB NOB 1.45 5.95 4.38 1.23 3.44 

50% 11.97 NOB NOB 3.84 9.25 NOB 2.61 4.87 

 


