
ABSTRACT 
 

 

DUNN, SUSAN ENNIS. Effect of Powdered Activated Carbon Base Material and Size on 

Disinfection By-Product Precursor and Trace Organic Pollutant Removal. (Under the 

direction of Detlef R.U. Knappe). 

 

The Stage 2 Disinfectants and Disinfection By-product (D/DBP) Rule requires many 

U.S. utilities to lower trihalomethane (THM) and haloacetic acid (HAA) concentrations in 

their distribution system.  Changing the primary or secondary disinfectant can be costly 

and/or potentially cause the formation of more harmful disinfection by-products.  Another 

option for utilities is enhancing the removal of disinfection by-product (DBP) precursors 

during the treatment process. The objective of this research was to evaluate the effectiveness 

of powdered activated carbon (PAC) for natural organic matter (NOM), DBP precursor, and 

trace organic pollutant removal (2-methylisobornol and sulfamethoxazole). Factors that were 

investigated included (1) PAC base material (bituminous coal, lignite, coconut shell, wood) 

and (2) PAC particle size (as-received PAC and superfine PAC (S-PAC) produced from as-

received PACs).  Experiments were conducted with five conventionally sized as-received 

PACs.  Each as-received PAC was wet-milled into two superfine versions.  In addition, three 

smaller sized as-received PACs were evaluated.  Using batch kinetic tests, PAC performance 

was evaluated with drinking water sources from North Carolina, Colorado, Florida, and 

Kentucky. 

Among the as-received PACs, trihalomethane (THM) and haloacetic acid (HAA) 

precursor removals from the North Carolina water were highest with a chemically activated 

wood-based PAC (16% and 28%, respectively, with a 15 mg/L PAC dose and 60 minutes of 

contact time). THM and HAA precursor removals were <6% with coconut shell- and 

bituminous coal-based PACs. For the same contact time and PAC dose, 2-methylisoborneol 

(MIB) and sulfamethoxazole (SMX) removals ranged from 34% and 22%, respectively, for 

coconut shell-based PAC to 69% and 57%, respectively, for thermally activated wood-based 

PAC. With S-PACs, removals of all measured parameters increased dramatically. For 

example, a superfine version of the coconut shell-based PAC produced the following 

removals with a 15 mg/L dose and 60 minutes of contact time: 34% for THM precursors, 



41% for HAA precursors, 94% for MIB, and 98% for SMX. Physical adsorbent 

characterization showed that the wet-milling process led to a small decrease in micropore 

volume and, for four of the five carbons, a dramatic increase in mesopore volume. Therefore, 

it is hypothesized that enhanced DBP precursor removal by S-PAC was a combined result of 

faster adsorption kinetics (smaller particle size, larger mesopore volume) and higher 

adsorption capacity (larger mesopore volume). Overall, the results obtained here suggest that 

a reasonable S-PAC dose (15 mg/L) can produce meaningful DBP precursor removals as 

well as excellent control of trace organic compounds.  
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

 

 

MOTIVATION 

 

In response to the EPA Stage 2 Disinfectants and Disinfection By-product (D/DBP) 

Rule, many U.S. utilities face the need to lower the concentrations of trihalomethanes 

(THMs) and haloacetic acids (HAAs) in their distribution systems. Options include (1) 

changing the primary disinfectant (e.g. from free chlorine to ozone), (2) changing the 

secondary disinfectant (e.g. from free to combined chlorine), and/or (3) enhancing the 

removal of disinfection by-product (DBP) precursors (e.g. through enhanced 

coagulation/softening, activated carbon adsorption, or nanofiltration). Option 1 is often cost-

prohibitive, especially for medium-sized and small utilities. Option 2 has been chosen by 

many utilities across the U.S., but this choice has in some instances resulted in the 

unintended consequence of increased lead levels at consumer taps (Edwards and Dudi 2001). 

Also, it is unclear whether risk reduction is truly accomplished with chloramination given 

recent evidence that many nitrogenous DBPs are more potent cytotoxins and genotoxins than 

the currently regulated THMs and HAAs  (Richardson et al. 2007, Plewa et al. 2008). 

Therefore, (cost-) effective treatment options should be investigated that focus on the 

removal of DBP precursors. One option for DBP precursor removal that has received limited 

attention to date is the addition of powdered activated carbon (PAC). Some utilities 

effectively use PAC for DBP precursor removal, and a few publications suggest that 

reasonable PAC doses can lead to meaningful total organic carbon (TOC) and/or DBP 

precursor removal. Recent reports also suggest that superfine PAC (S-PAC) is more effective 

for NOM removal than traditional PAC (Matsui et al. 2005). To date, the understanding of 

the factors that control the effectiveness of PAC for TOC and DBP precursor removal are 

quite limited.  
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OBJECTIVE 

 

The principal objective of this research was to assess the effectiveness of superfine 

powdered activated carbon (S-PAC) for the combined removal of disinfection by-product 

(DBP) precursors and trace organic pollutants. Specific objectives included to 

1. evaluate the effect of PAC particle size on (i) DBP precursor removal and (ii) 

trace organic pollutant (2-methylisoborneol and sulfamethoxazole) removal; 

particle size effects were studied with as-received PACs and S-PACs derived 

from the as-received PACs,  

2. identify physical and chemical (S-)PAC characteristics (e.g., pore volume in a 

given size range, oxygen content) that yield effective DBP precursor and trace 

organic pollutant removal. 

 

APPROACH 

 

Experiments evaluating DBP precursor and trace organic pollutant removal were 

conducted with five conventionally sized as-received PAC prepared from different base 

material types (bituminous coal, coconut shell, lignite, wood) and with different activation 

methods (chemical, thermal).  Each as-received PAC was ground into two superfine versions 

using a wet-milling technique.  In addition, experiments were conducted with three smaller 

sized as-received PACs.  Raw water from four utility participants were used in this study: 

Colorado Springs Utilities (Colorado Springs, CO), Louisville Water Company (Louisville, 

KY), Manatee County Utility Department (Bradenton, FL), and Orange Water and Sewer 

Authority (OWASA, Carrboro, NC). Furthermore, coagulated OWASA water was used to 

evaluate the performance of PAC/S-PAC for NOM and DBP precursor removal beyond that 

achievable by coagulation.  Each raw water source had different background characteristics 

(pH, TOC, alkalinity, hardness).  A taste and odor compound (2-methylisoborneol) and 

antibiotic (sulfamethoxazole) served as probe compounds to evaluate the effectiveness of 

PAC and S-PAC for trace organic pollutant removal.  
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CHAPTER 2: BACKGROUND 

 

 

DISINFECTION BY-PRODUCTS 

 

 The introduction of disinfection to water treatment in the early twentieth century was 

an important step towards controlling the spread of water-borne diseases such as cholera and 

typhoid fever.  However, the oxidizing power of disinfectants such as chlorine has led to the 

formation of disinfection by-products (DBPs).  DBPs were first discovered in drinking water 

in the early 1970s (Rook 1974; Beller, Lichtenberg, and Kroner 1974).  DBPs, such as those 

produced by the reaction between the natural organic matter (NOM) and the disinfectant 

chlorine, have caused concern due to their potential human health impact. DBPs have been 

linked to an increased risk of bladder, rectal, and colon cancers and a potential for adverse 

reproductive effects following chronic exposure to these compounds (Boorman et al. 1999, 

Krasner 2009, Villanueva et al. 2004, USEPA 2006).   

 

Regulations 

 

 The U.S. Environmental Protection Agency (EPA) regulates human exposure to 

DBPs through the introduction of maximum contaminant levels (MCLs). The two main 

groups of regulated DBPs are trihalomethanes (THMs) and haloacetic acids (HAAs), and 

these groups serve as indicator compounds for other DBPs found in the distribution system 

(USEPA 2006).  Considering the halogens chlorine and bromine, there are four THMs 

(chloroform, bromoform, dibromochloromethane, bromodichloromethane) and nine HAAs 

(chloroacetic acid, dichloroacetic acid, trichloroacetic acid, bromoacetic acid, dibromoacetic 

acid, tribromoacetic acid, bromochloroacetic acid, bromodichloroacetic acid, 

chlorodibromoacetic acid).  The first rule limiting the concentration of DBPs in drinking 

water was the Total Trihalomethanes Rule (1979), which set the MCL for total 

trihalomethanes (TTHMs) to 100 µg/L.  Water treatment systems were in compliance with 
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the rule if the running annual average (RAA) of all the samples collected in the distribution 

system was below the MCL.  The RAA was determined by averaging THM results of all 

distribution system samples collected in a given quarter.  The quarterly value was then 

averaged with the preceding three quarters to obtain the RAA, as shown in Figure 2.1 (a). 

Due to increased concerns regarding human exposure to DBPs, the Stage 1 Disinfectants and 

Disinfection By-products (D/DBP) Rule was promulgated in 1998.  It established (i) 

maximum residual disinfectant levels for chlorine, chloramine, and chlorine dioxide, (ii) 

MCL goals for three trihalomethanes, two haloacetic acids, bromate, and chlorite, and (iii) 

MCLs for total trihalomethanes (TTHM) at 80 µg/L, five haloacetic acids (HAA5) at 60 

µg/L, chlorite at 100 µg/L, and bromate at 10 µg/L. Compliance was again based on RAAs 

for the entire distribution system.  To limit DBP exposure at distribution system sites with 

high water ages, the EPA recently introduced the Stage 2 D/DBP Rule (USEPA 2006).   To 

comply with this rule, utilities must meet the same maximum contaminant levels for TTHMs, 

HAA5, bromate, and chlorite as specified in the Stage 1 D/DBP Rule.  However, compliance 

is now determined from locational running annual averages (LRAAs).  In other words, RAAs 

at each sampling location, independent of the other sampling locations, need to be below the 

MCLs.  Figure 2.1 explains the difference in compliance calculations for the Stage 1 and 

Stage 2 D/DBP Rules. (USEPA 2006) 

 

Options to Comply with the Stage 2 D/DBP Rule 

 

In order to comply with the Stage 2 D/DBP Rule, many U.S. utilities face the need to 

lower the concentrations of THMs and HAAs in their distribution systems. Options include 

(1) changing the primary disinfectant (e.g. from free chlorine to ozone), (2) changing the 

secondary disinfectant (e.g. from free to combined chlorine), and/or (3) enhancing the 

removal of DBP precursors (e.g. through enhanced coagulation/softening, activated carbon 

adsorption, or nanofiltration). Because of the need for a large capital investment, option 1 is 

often cost-prohibitive, especially for medium-sized and small utilities. Option 2 has been 

chosen by many utilities across the U.S., but this choice has in some instances resulted in the 
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unintended consequence of increased lead levels at consumer taps (Edwards and Dudi 2001). 

Also, it is unclear whether risk reduction is truly accomplished with chloramination given 

recent evidence that many nitrogenous DBPs are more potent cytotoxins and genotoxins than 

the currently regulated THMs and HAAs  (Richardson et al. 2007, Plewa et al. 2008). 

Therefore, (cost-) effective treatment options should be investigated that focus on the 

enhanced removal of DBP precursors. One option for DBP precursor removal that has 

received limited attention to date is the addition of powdered activated carbon (PAC). 

Advantages of using PAC for drinking water treatment include the low capital investment 

requirement, relatively low material cost, and the option for seasonal application (Knappe, 

Matsui, and Snoeyink 1998).  Some utilities effectively use PAC for DBP precursor removal, 

and a few publications suggest that reasonable PAC doses can lead to meaningful TOC 

and/or DBP precursor removal (Uyak et al. 2007; Najm et al. 1991; Kristiana, Joll, and Heitz 

2011). Recent reports also suggest that superfine PAC (S-PAC) is more effective for NOM 

removal than traditional PAC (Matsui et al. 2004, Matsui et al. 2005). To date, the 

understanding of the factors that control the effectiveness of PAC for NOM and DBP 

precursor removal are quite limited.   

 

Source: (USEPA 2007) 

Figure 2.1 Comparison of running annual average and locational running annual 

average compliance calculations to meet the EPA Stage 1 (a) and 2 (b) D/DBP Rule  

(b) 

(a) 
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POWDERED ACTIVATED CARBON 

 

Production 

 

 Powdered activated carbon (PAC) can be produced from a variety of raw materials.  

The most common raw materials used for PACs in drinking water treatment are coal, lignite, 

coconut shell, and wood.  To manufacture PAC, the raw materials are converted to a char 

(carbonization) and oxidized to develop the internal pore structure (activation).  PAC is either 

physically or chemically activated.  In physical activation, carbonization is conducted at 

temperatures less than 700
o
C and activation occurs at temperatures between 800

 
and 900

o
C 

with gases such as carbon dioxide and steam.  In chemical activation, a chemical activating 

agent such as phosphoric acid is added and heated with the raw material in the absence of 

oxygen, combining the carbonization and activation steps. (Summers, Knappe, and Snoeyink 

2010) 

 

Physical Characteristics 

  

 PAC, as specified by the AWWA Standard B600-05, must have no less than 90 

percent (or 60 percent for wood-based PAC) by mass pass through a 44 µm sieve (U.S. 

Standard Mesh 325).  Its internal surface area typically ranges from 800-1500 m
2
/g 

(Summers, Knappe, and Snoeyink 2010) and is quantified using N2 adsorption isotherm data 

and the Brunauer-Emmett-Teller (BET) isotherm equation.  A pore size distribution analysis 

is used to determine the pore volume of activated carbon accessible for adsorbate (e.g. NOM 

and DBP precursor) removal. Pores are divided into three sizes by the International Union of 

Pure and Applied Chemistry (IUPAC): macropores (>50 nm), mesopores (2-50 nm), and 

micropores (<2 nm) (Pelekani and Snoeyink 1999).   
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Chemical Characteristics 

 

 The ability of activated carbon to adsorb different adsorbates is affected by the 

chemical characteristics of the carbon surface. The elemental composition of activated 

carbon is typically ~90% carbon, ~6-7% oxygen, ~1% sulfur, ~0.5% nitrogen, ~0.5% 

hydrogen, and ~3-4% ash or mineral matter (Summers, Knappe, and Snoeyink 2010). 

However, these values vary depending on the base material and activation method of the 

carbon.   

 

NATURAL ORGANIC MATTER (NOM) AND DISINFECTION BY-PRODUCT 

(DBP) REMOVAL BY PAC 

  

Najm et al. (1991) presented a comprehensive literature review on the use of PAC in 

drinking water treatment and concluded that relatively high PAC doses are required to 

achieve substantial removal of total organic carbon (TOC), dissolved organic carbon (DOC), 

and/or THM precursors.  In many studies, a PAC dose of 50 mg/L yielded negligible TOC 

and THM precursor removal while in others the same PAC dose yielded up to 21% TOC 

removal and 45% THM precursor removal. Sufficient information on NOM characteristics, 

PAC characteristics, and PAC contact times was not provided, and factors responsible for the 

differences in TOC and THM precursor removal efficiencies could, therefore, not be 

identified.  More recently, Uyak et al. (2007) found that the DOC removal efficiency of PAC 

depended on PAC type. For example, for two PACs, a dosage of 20 mg/L yielded ~5% DOC 

removal while ~25% DOC removal was achieved with another at the same PAC dosage. 

Again, no information was provided on the PAC characteristics that could explain the 

differences in performance among the PACs.  The ability of PAC to achieve meaningful 

levels of NOM and DBP precursor removal is dependent on a number of factors including 

(but not limited to) PAC particle size, PAC pore size distribution, PAC surface chemistry, 

and solution pH. 
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Effect of PAC Particle Size on NOM and DBP Precursor Removal 

 

Several studies have shown the effect of PAC particle size on TOC removal.  Adham 

et al. (1991) found that PAC particle size strongly affected the rate and extent of TOC 

removal from groundwater.  In the study, a commercially available coal-based PAC was 

separated into three size fractions with an air classifier. The rate of TOC removal increased 

with decreasing particle size.  For example, after 30 minutes of contact time, 100 mg/L of the 

smaller PAC size fraction (d50 = 5 µm) achieved ~65% TOC removal while 100 mg/L of the 

larger size fraction (d50 = 20 µm) achieved ~20% TOC removal. Physical characterization of 

the resulting PAC size fractions showed that BET surface area, micropore volume, and 

mesopore volume all increased as particle size decreased. As a result, TOC adsorption 

capacity increased with decreasing PAC particle size. Thus, both faster adsorption kinetics 

and higher TOC adsorption capacity explained why TOC removal improved with smaller 

PAC particle size. 

In a follow-up study, Campos et al. (2000) compared the DOC removal efficiency of 

two commercially available PACs with mean diameters of 10 and 6 µm. Using PAC doses of 

10 and 20 mg/L, Campos et al. (2000) obtained DOC removal percentages in the range of 

about 10-48% after 60 minutes of contact time with increased removal with the smaller PAC 

particle size. A 20 mg/L dose of PAC A (d50 = 10 µm) achieved 24% DOC removal while the 

same dose of PAC B (d50 = 6µm) achieved 48% DOC removal after 60 minutes of contact 

time. The study found that reasonable PAC doses (i.e. PAC doses utilities frequently used for 

taste and odor control) yielded meaningful DOC removal percentages. The smaller PAC 

exhibited higher micropore and mesopore volumes and a larger DOC adsorption capacity 

than the larger PAC. Thus, higher DOC removal percentages obtained with the smaller PAC 

were a result of its higher adsorption capacity and faster DOC adsorption rates. 

To further study the effect of PAC particle size on TOC adsorption, Matsui et al. 

(2004) used a wet-bead mill to grind a commercially available wood-based PAC (d50 = 33  

µm) to a superfine PAC (d50 = 0.8 µm).  As shown in previous studies, TOC removal greatly 

increased with decreasing PAC particle size. Using a superfine PAC (S-PAC) dose of 5.8 
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mg/L, Matsui et al. (2005) showed that TOC removal reached 20% and 25% after contact 

times of 1 and 10 minutes, respectively.  In contrast, a PAC dose of 5.3 mg/L achieved only 

10% TOC removal after a contact time of 120 minutes.  Matsui et al. (2004) found that the S-

PAC exhibited a larger TOC adsorption capacity than the as-received PAC and provided pore 

size distribution data showing increased surface area in pores with widths greater than 1.5 nm 

following the grinding process.  Matsui et al. (2004) further hypothesized that the grinding 

process opened pores with narrow pore openings (ink bottle-shaped pores). 

 

NOM Adsorption Mechanisms 

 

Newcombe (1999) described the main adsorption mechanisms of NOM on activated 

carbon as electrostatic or non-specific van der Waals interactions.  NOM adsorption is 

favored via electrostatic attraction between negatively charged functional groups of NOM 

and positively charged functional groups on the activated carbon surface.  In contrast, lower 

NOM adsorption can result with electrostatic repulsion between negatively charged 

functional groups of NOM and negatively charged functional groups on the activated carbon 

surface and/or negatively charged functional groups of adsorbed NOM.  Investigating the 

effects of pH, pore volume distribution, and NOM charge on adsorption, Newcombe (1999) 

observed higher NOM adsorption at a low pH, indicating that the low solution pH decreased 

the negative surface charge of NOM, thereby decreasing electrostatic repulsions between 

NOM and the activated carbon surface.  Related studies have also observed increased NOM 

removal at low pH (Weber, Voice, and Jodellah 1983; Bjelopavlic, Newcombe, and Hayes 

1999; Newcombe and Drikas 1997; Newcombe et al.1994).  Newcombe (1999) further 

related DOC adsorption to activated carbon mesopore volume and observed a linear 

relationship at a low pH.  In contrast, a linear trend between mesopore volume and DOC 

adsorption was not observed at a neutral pH, indicating that adsorption is influenced by other 

factors, such as electrostatic repulsion.  
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Effect of Activated Carbon Properties on NOM Adsorption 

 

 As illustrated in the previous section, the capacity of activated carbon to adsorb NOM 

depends on many factors including the activated carbon’s pore size distribution. Numerous 

studies have found that NOM preferentially adsorbs in larger micropores and small 

mesopores (Ebie et al. 2001; Cheng, Dastgheib, and Karanfil 2005; Newcombe, Drikas, and 

Hayes 1997; Pelekani and Snoeyink 1999). Newcombe et al. (1994) compared the NOM 

adsorption capacities of with 10 activated carbons at a pH 3 to minimize the effect of 

electrostatic interactions.  Although the surface characteristics of the activated carbons were 

very different, Newcombe et al. (1994) observed a direct correlation between the mesopore 

volume and NOM adsorption capacity.  Moreover, Newcombe and Cook (2006) compared 

the NOM adsorption of several PACs with different pore size distributions and found that 

when the mesopore volume was low, the NOM adsorption capacity was also low.  

Conversely, when the mesopore volume was high, the NOM adsorption capacity was high. 

 The chemical characteristics of PAC also determine the capacity of activated carbon 

to adsorb NOM.  One of the most important heteroatoms on activated carbon surfaces is 

oxygen because of its impact on hydrophilicity and surface charge (Summers, Knappe, and 

Snoeyink 2010).  Oxygen commonly occurs in the form of carboxylic acid groups, phenolic 

hydroxyl groups, and quinone carbonyl groups, and the presence of these groups determines 

the acidity of activated carbon (Boehm 1994).  Activated carbons with low oxygen content 

(hydrophobic) have been found to have larger adsorption capacities for trace organic 

pollutants (Li, Quinlivan, and Knappe 2002). 

 NOM adsorption is also affected by the PAC surface charge.  Bjelopavlic, 

Newcombe, and Hayes (1999) studied the effect of surface charge on NOM adsorption using 

seven PACs.  Of the seven PACs, three had net positive surface charges, one had a net 

negative surface charge, and three had surface charges that varied from positive to negative 

when the solution pH was increased. With decreasing solution pH, NOM adsorption 

increased not only due to decreased negative charge on the NOM, but also due to increased 

positive surface charge on the PACs. 
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TASTE AND ODOR COMPOUND REMOVAL BY PAC 

 

PAC is traditionally used in the United States for taste and odor control (Najm et al. 

1991). For the most common earthy-musty odorants, Lalezary, Pirbazari, and McGuire 

(1986) found that moderate PAC doses (20 mg/L) achieved at least 90% removal after 3 

hours of contact time. 2-Methylisoborneol (MIB) was the most weakly adsorbed compound, 

and greater emphasis has, therefore, been placed on studying factors controlling MIB 

removal from drinking water.  In most utilities, PAC contact times are insufficient to reach 

MIB adsorption equilibrium and the rate of MIB adsorption on PAC is important to consider.  

Newcombe and Cook (2006) studied the effectiveness of six PACs for MIB removal and 

found that the PAC performance rankings changed as a function of PAC contact time.  The 

carbons with the larger equilibrium adsorption capacities were not necessarily the ones that 

performed best at short contact times. For example, at short contact times, the chemically 

activated wood-based PAC outperformed the thermally activated coconut shell-based PACs.  

In contrast, at long contact times (equilibrium conditions), the thermally activated coconut 

shell-based PACs outperformed the chemically activated wood-based PACs.  Taste and odor 

compounds such as MIB are small molecules (0.6-0.8nm) and are expected to adsorb 

primarily in micropores.  Newcombe and Cook (2006) showed that the equilibrium MIB 

adsorption capacities correlated well with the pore volume of micropores with diameters less 

than 1 nm.  However, the PACs that had the fastest MIB adsorption rates also had the largest 

mesopore volume to facilitate MIB transfer into the micropores.   

Matsui et al. (2007, 2008) compared geosmin removal from ultrapure water with a 

traditional PAC and its corresponding superfine PAC (S-PAC). As was the case with TOC 

removal, adsorption kinetics were faster with S-PAC than with traditional PAC.  For 

example, after 20 minutes of contact time, a 0.6 mg/L dose of PAC yielded ~20% geosmin 

removal compared to >95% geosmin removal for the same dose of the corresponding S-PAC 

(Matsui et al. 2008).  More recently, Matsui et al. (2010) compared the difference in 

adsorption capacities of S-PAC and PAC for MIB and geosmin removal.  Unlike with TOC 

removal, there was little change in the equilibrium adsorption capacity of MIB and geosmin 
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between S-PAC and PAC.  Furthermore, Matsui et al. (2010) determined that the increased 

NOM removal as a result of the smaller particle size of the S-PAC did not affect the 

adsorption capacity of S-PAC and PAC for MIB and geosmin removal. 

 

PHARMACEUTICAL REMOVAL BY PAC 

 

The detection of emerging contaminants such as pharmaceutically active compounds 

(PhACs) in ground and surface waters has raised public concern regarding their removal 

during drinking water treatment. Several studies have indicated that PAC adsorption 

processes are effective for the removal of a number of PhACs (Adams et al. 2002, 

Westerhoff et al. 2005).  The effectiveness of PhAC removal by PAC depends on the 

characteristics of the adsorbent and target adsorbate. Westerhoff et al. (2005) studied the 

effectiveness of a coal-based PAC for the removal of 62 emerging contaminants (endocrine-

disruptors, pharmaceuticals, and personal care products).  It was shown that the log KOW 

values of the emerging contaminants were reasonable indicators of their ability to be 

removed by PAC.  For example, compounds with low log KOW values (i.e. hydrophilic 

compounds) were the most difficult to remove with PAC.  Westerhoff et al. (2005) also 

found that the removal of PhACs from natural waters by PAC was independent of the initial 

concentration over a range of 10 to 1000 ng/L. Using a coal-based PAC (5 mg/L) and a 4-

hour contact time, Westerhoff et al. (2005) found average PhAC removals from three natural 

waters and a simulated river water ranged from 16% for ibuprofen to 93% for oxybenzone. 

Sulfamethoxazole (SMX) was relatively poorly removed by PAC with ~36% removal. The 

relatively poor removals of ibuprofen and SMX were likely a result of their anionic nature at 

the studied pH values of 6.8-8.2. Adams et al. (2002) examined the adsorption of seven 

antibiotics from Missouri River water.  After a contact time of 4 hours, antibiotic removals 

ranged from 49-73% removal with a coal-based PAC dose of 10 mg/L.  To date, no 

information regarding the performance of S-PAC for the removal of PhACs from drinking 

water sources has been published. 
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CHAPTER 3: MATERIALS AND METHODS 
 

 

MATERIALS 

 

Water 

 

Batch kinetic experiments evaluating NOM, DBP precursor, and trace organic 

pollutant removal were conducted in raw water from four utility participants: Colorado 

Springs Utilities (Colorado Springs, CO), Louisville Water Company (Louisville, KY), 

Manatee County Utility Department (Bradenton, FL), and Orange Water and Sewer 

Authority (OWASA, Carrboro, NC). Water was collected from each raw water source and 

stored at 4
o
C in separate stainless steel drums.  The water quality characteristics of each raw 

water source are outlined in Table 3.1. 

 

Table 3.1 Water quality characteristics of raw water sources 

Utility Participant 
Raw Water 

Source 
pH 

DOC 

(mg/L) 

UV254   

(cm
-1

) 

Alkalinity          

(mg/L as 

CaCO3) 

Hardness             

(mg/L as 

CaCO3) 

Bromide 

(µg/L) 

Orange Water and 

Sewer Authority 

(OWASA) 

Cane Creek 

Reservoir 

(CCR) 

7.3 4.9 0.14 37.0 40.6 15.9 

Manatee County 

Utility Department 

Lake 

Manatee 

(LM) 

6.7 19.5 0.96 22.5 61.0 108 

Louisville Water 

Company 

Ohio River 

(OR) 
7.8 3.5 0.10 106 156 65.7 

Colorado Springs 

Utilities 

Pikeview 

Reservoir 

(PR) 

8.0 4.7 0.12 128 170 102 

 

In addition, batch kinetic experiments were conducted in coagulated water that was 

prepared from raw CCR water.  Raw CCR water was coagulated with 55 mg/L aluminum 
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sulfate at a pH of 6.2. Table 3.2 outlines the OWASA jar testing protocol that was used for 

the coagulation study.   

 

Table 3.2 Jar test protocol  
 Mixing Intensity Mixing Time Chemical Addition 

Rapid Mix 100 rpm 30 s 55 mg/L aluminum sulfate 

Flocculation 25 rpm 36 min None 

Sedimentation 0 rpm 10 min None 

 

Adsorbents 

 

Powdered Activated Carbon 

 

Eight commercially available PACs prepared from different base materials and with 

different activation methods were used in this study (Table 3.3). The as-received forms of the 

PACs were given the labels A through G, as shown in Table 3.3.  Five of the eight as-

received PACs (A-E) had typical PAC particle sizes with mean diameters of ~20 µm while 

three specialty PACs (F-H) had smaller mean diameter of ~5-6 µm. The base material, 

activation method, and mean diameter of each PAC are shown in Table 3.3. 

 

Table 3.3 As-received powdered activated carbons 
PAC  Base Material Activation Method Mean Diameter

*
 

A  coconut shell  thermal ~22 µm 

B lignite  thermal ~22 µm 

C wood  thermal 20-35 µm 

D wood  chemical 20-23 µm 

E bituminous coal  thermal ~17 µm 

F lignite  thermal ~6 µm 

G proprietary thermal ~5 µm 

H proprietary thermal ~5 µm 
*
 based on information provided by manufacturer 
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Superfine Powdered Activated Carbon 

 

Superfine PACs (S-PACs) were produced by wet-milling samples of five as-received 

PACs (A-E).  From each as-received PAC, two S-PACs were prepared.  Table 3.4 

summarizes the S-PACs and the nomenclature used throughout the report.  Carbons in the S-

PAC-1 category were wet-milled to a targeted d50 of ~1 µm while carbons in the S-PAC-2 

category were wet-milled to a targeted d50 of <1 µm.  

 

Table 3.4 Nomenclature for as-received and superfine powdered activated carbons 
As-received PAC  S-PAC-1  S-PAC-2  

A S-A-1 S-A-2 

B S-B-1 S-B-2 

C S-C-1 S-C-2 

D S-D-1 S-D-2 

E S-E-1 S-E-2 

 

Adsorbates 

 

Disinfection By-products Precursors 

 

 Formation potentials for two DBPs regulated by the Stage 2 D/DBP Rule were 

determined in this study: trihalomethanes (THMs) and haloacetic acids (HAAs).  To quantify 

DBP precursor removals by (S-)PAC treatment, formation potentials of THMs and HAAs 

was measured as described in the next section.  Analysis of THM and HAA concentration 

required the preparation of analytical standards as follows: 

Trihalomethanes. A stock standard solution was purchased containing 2000 µg/mL 

each of chloroform, bromodichloromethane, dibromochloromethane, and bromoform in 

methanol (Sigma Aldrich, St. Louis, MO).  Bottled spring water (Evian) was used to prepare 

aqueous calibration standards, as, unlike ultrapure water prepared from tap water and 

distilled water, it did not contain trace amounts of chloroform. The chloroform concentration 

in the ultrapure water of our laboratory was 0.9 µg/L while no peak was detectable for Evian 
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water. Aqueous calibration standards were prepared at concentrations of 5, 10, 25, 50, and 

200 µg/L. 

Haloacetic Acids. A stock standard solution was purchased containing 2000 µg/mL 

each of chloroacetic acid, bromoacetic acid, dichloroacetic acid, trichloroacetic acid, 

bromochloroacetic acid, dibromoacetic acid, bromodichloroacetic acid, chlorodibromoacetic 

acid, and tribromoacetic acid in methyl tertiary-butyl ether (Sigma Aldrich, St. Louis, MO).  

Ultrapure laboratory water was used to prepare the calibration standards at concentrations of 

2, 10, 20, and 50 µg/L in MTBE. 

 

Trace Organic Pollutants 

 

 A taste and odor compound (2-methylisoborneol) and antibiotic (sulfamethoxazole) 

were used in this study to evaluate trace organic pollutant removal.  

2-Methylisoborneol. Adsorption kinetic experiments involving 2-methylisoborneol 

(MIB) were conducted with 
14

C-labeled MIB (American Radiolabeled Chemicals, Inc., St. 

Louis, MO). The 
14

C-labeled MIB had a specific activity of 55 mCi/mmol and was dissolved 

in pure methanol. The methanol stock solution was stored in a refrigerator at 1.8°C.   

Sulfamethoxazole. Sulfamethoxazole (SMX) was purchased as a neat compound 

from Sigma-Aldrich (St. Louis, MO) and stored in the dark at ambient temperature. 

 

METHODS 

 

Elemental Composition 

 

Carbon (C), hydrogen (H) and nitrogen (N) contents of the (S-)PACs were 

determined using a CHN Elemental Analyzer (Perkin-Elmer Corp., Norwach, CT) in the Soil 

Science Department at North Carolina State University. The accuracy of the CHN analyzer 

was checked with a NIST standard reference material (Trace Elements in Coal – Bituminous, 
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SRM Number 1632c). Oxygen content was determined by Huffman Laboratories (Golden, 

CO) according to ASTM D5622.  Ash content was determined following ASTM D2866.  

 

BET Surface Area 

 

Brunauer-Emmett-Teller (BET) surface areas were determined from N2 adsorption 

isotherm data collected at 77 K (Autosorb-1-MP, Quantachrome Corporation, Boynton 

Beach, FL). Prior to analysis, adsorbent samples were outgassed for 24 hours at 423 K. The 

(S-)PAC sample mass was ~0.1 g, and N2 adsorption data was collected in the relative 

pressure range of 0.01 to 0.1. A glass rod was used during the analysis to decrease the void 

volume of the sample holder. 

 

Pore Size Distribution 

 

Pore size distributions of (S-)PACs were determined by conducting N2 adsorption 

experiments in two separate phases:  

(1) High pressure phase: N2 adsorption isotherms were constructed from 86 data 

points in the relative pressure range of 0.001 to 1 using a sample mass of ~0.04 g 

of (S-)PAC. A glass filler rod was inserted into the sample holder to minimize the 

void volume in the sample holder during the analysis. The adsorbent sample mass 

in this experiment was adjusted such that the BET surface area obtained with this 

experiment matches that obtained from the experiment with a larger mass used to 

determine the BET surface area. 

(2) Low pressure phase: N2 adsorption isotherms were constructed from 41 data 

points in the relative pressure range of 10
-6

 to 0.005 using a sample mass of ~0.01 

g of (S-) PAC. No glass filler rod was inserted into the sample holder in these 

experiments to permit more rapid system equilibration. 

Adsorption isotherms from both high and low pressure phases were combined to 

produce one isotherm. The adsorbent sample mass used in the low pressure phase was 
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adjusted such that the volume adsorbed in the 0.001 to 0.005 relative pressure range matched 

that obtained in the in the high pressure phase in the same relative pressure range. 

Micropore volume, mesopore volume and pore size distribution were computed from 

N2 adsorption isotherm data using the Density Functional Theory (DFT) with the 

N2_carb1.gai kernel (PC software version 1.51, Quantachrome, Boynton Beach, FL).  In 

addition, the mesopore volume was computed using the Barrett, Joyner, and Halenda (BJH) 

method, because this method captures the entire mesopore range (2 to 50 nm) while the DFT 

method is only able to calculate a mesopore volume for pores with widths in the range of 2 to 

36 nm. 

 

Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) was conducted at the North Carolina State 

University Analytical Instrumentation Facility using a field emission scanning electron 

microscope (FESEM, JSM-6400F Scanning Microscope, JEOL Ltd.).  Samples were 

analyzed with an accelerating voltage of 5 kV, a working distance of 8 mm, and an objective 

aperture of 30 µm. Data was acquired with a 4 Pi Universal Spectral Engine and analyzed 

using Revolution (v1.60b214).  Prior to analysis, a thin (~10 nm) gold/lead (60/40) coating 

was added to increase conductivity. 

Samples analyzed with the FESEM had to be dry.  To prepare the sample, slurries 

were made for each (S-)PAC in ultrapure laboratory water.  The solution was filtered onto a 

0.22 µm PVDF membrane filter and dried at 105
o
C overnight.  The SEM images show the 

(S-)PAC retained the filter. 

 

Batch Kinetic Tests 

 

Batch kinetic tests for the evaluation of NOM/DBP precursor removal were 

conducted with each of the water sources (CCR, LM, OR, and PR) and with the coagulated 

CCR water.  (S-)PAC was added in slurry-form to 1 L of non-filtered raw water or 
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membrane-filtered (0.45 µm PVDF) coagulated water and mixed with a PTFE-coated 

magnetic stir bar.  After PAC addition, samples were taken at 2.5, 5, 10, 15, 30, 45, and 60 

minutes and analyzed for TOC and UV254 absorbance.  In addition, an initial sample was 

taken prior to PAC addition (time 0 sample).   Each sample was filtered through a 0.22 µm or 

0.1 µm PVDF membrane filters to separate PAC or S-PAC, respectively.  Following the 60 

minute contact time, 400 mL of the remaining water was filtered through glass fiber and 0.22 

µm membrane filters, and the filtrate was analyzed for THM and HAA formation potentials 

that were determined using uniform formation conditions (Summers et al. 1996).  Of the 

remaining sample, two 100-mL samples were transferred to 125-mL brown glass bottles and 

mixed for 2 and 3 weeks to determine the equilibrium DOC and UV254 uptake capacity of  

(S-)PAC.   

Batch kinetic tests were conducted to evaluate SMX removal from CCR, LM, and PR 

waters.  SMX was spiked at an initial concentration of ~100 µg/L into 1 L raw water and 

mixed with a PTFE-coated magnetic stir bar. After taking samples to determine the initial 

SMX concentration, 15 mg/L of (S-)PAC was added under continued mixing. Samples for 

SMX analysis were taken at contact times of 2, 5, 10, 15, 30, and 60 minutes. Additional 

samples were taken after contact times of 2 hours and 2 weeks. 

Batch kinetic tests were also conducted to evaluate MIB removal from CCR and LM 

waters.  
14

C-labeled MIB was spiked at an initial concentration of ~100 ng/L into 1 L non-

filtered water and mixed with a PTFE-coated magnetic stir bar. After taking duplicate 

samples for determining the initial MIB concentration, 15 mg/L of (S-)PAC was added under 

continued mixing. Samples for MIB analysis were taken in duplicate after contact times of 

2.5, 5, 10, 15, 30, 45, and 60 minutes.  Additional samples were taken after contact times of 

2, 4, and 24 hours. 

 

Natural Organic Matter (NOM) Concentration 

 

Total organic carbon (TOC) and dissolved organic carbon (DOC) were measured by 

high-temperature combustion (Shimadzu TOC-VCSN) according to Standard Method 
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5310B. The concentration of UV-absorbing organic constituents was measured at a 

wavelength of 254 nm according to Standard Method 5910. In addition, UV absorption 

spectra were collected between wavelengths of 250 and 400 nm (e.g., Korshin et al. 2002).  

 

Disinfection By-product (DBP) Formation Potential 

 

THM and HAA formation potentials were measured using uniform formation 

conditions (Summers et al. 1996).  Filtered samples were transferred into chlorine demand 

free bottles (300 mL BOD bottles with glass stoppers, e.g. Hua and Reckhow 2008. Prior to 

chlorination, the sample was buffered at pH 8 by adding 2 mL/L of a 1 M borate buffer.  A 

sodium hypochlorite solution (buffered at pH 8) was dosed such that the chlorine residual 

after 24 hours of incubation at 20°C was 1 ± 0.4 mg/L as Cl2 (Summers et al. 1996).  A 

chlorine demand study was conducted for each water to determine the appropriate Cl2:DOC 

ratio to yield the desired chlorine residual. Upon buffer and chlorine addition, bottles were 

filled with additional sample water such that headspace-free conditions existed. The samples 

were then inverted 10 times and incubated in the dark at 20
o
C for 24 hours.  Following 

incubation, samples were dechlorinated with 100 mg/L ammonium chloride and analyzed for 

THM and HAA concentrations.  

 

Trihalomethane Analysis 

 

THMs were measured by purge-and-trap preconcentration (Stratum PTC, Teledyne 

Tekmar, Mason, OH) followed by gas chromatographic separation and detection using an 

electron capture detector (Model 2014, Shimadzu Scientific, Columbia, MD). THMs were 

separated on a 75-m capillary column (J&W Scientific DB-VRX, I.D. 0.45 mm, liner 

thickness 2.55 µm, Folsom, CA). Samples (5 mL) were purged with helium gas at 35°C for 

12 min. The analytes were trapped on a Vocarb 3000 trap (Supelco, Bellefonte, PA) and 

desorbed for 2 min at 255°C with a 50:1 inlet split ratio. The GC oven temperature was 

maintained at 40°C for 10 min, was increased at 40°C/min to 240°C and held at 240°C for 5 
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minutes.  An internal standard (1,3-dichlorobenzene) was used to monitor the GC ECD 

response (Sigma Aldrich, St. Louis, MO).   

 

Haloacetic Acid Analysis 

 

HAAs were analyzed according to EPA Method 552.2 (liquid/liquid extraction, 

derivatization in acidic methanol, gas chromatographic separation, and detection using an 

electron capture detector).  HAAs were separated on a 30-m capillary column (J&W 

Scientific DB-1701, I.D. 0.25 mm, liner thickness 0.25 µm, Folsom, CA). The GC oven 

temperature was maintained at 35°C for 10 min, increased at 5°C/min to 75°C and held for 

15 minutes, increased at 5°C/min to 100°C and held for 5 minutes, and finally increased at 

5°C/min to 135°C and held for 0 minutes.  An internal standard (1,2,3-trichloropropane) and 

a surrogate standard (2,3-dibromopropionic acid) were used to monitor the GC ECD 

response and extraction efficiency (Sigma Aldrich, St. Louis, MO).   

 

Sulfamethoxazole Analysis 

 

SMX concentrations were determined with a high-performance liquid 

chromatography system (HPLC, Breeze, Waters Corporation, Milford, MA) equipped with a 

dual-wavelength UV detector and a C18 column (2.6 µm, 4.6 × 100 mm, Kinetex C18 100A, 

Phenomenex, Torrance, CA). The mobile phase was composed of 24% v/v acetonitrile and 

76% v/v 25 mM ammonium acetate buffer (pH 5). The detector wavelength was set at 266 

nm. Prior to analysis, samples were filtered through a 0.22-µm PTFE membrane. 

Concentrations in bench-scale tests were sufficiently high such that samples could be 

analyzed by direct injection. 
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2-Methylisoborneol Analysis 

 

14
C-labeled MIB concentrations were measured by liquid scintillation counting. To 

obtain MIB concentrations, 5 mL of aqueous sample was mixed with 18 mL of scintillation 

cocktail (Ultima Gold, PerkinElmer Life And Analytical Sciences, Inc., Wellesley, MA) and 

analyzed in a liquid scintillation counter (TRI-CARB 2100TR, Packard Instrument 

Company, Downers Grove, IL). For a 5-mL sample, the detection limit was ~ 2 ng/L. 

 

Bromine Analysis 

 

 Bromide was measured based on Dionex Application Note 167 using a hydroxide-

selective column and reagent-free ion chromatography system (ICS-2000, Dionex, 

Sunnyvale, CA).   A standard curve was prepared by diluting a 1000 mg/L as Br stock 

solution from sodium bromide and verified with a certified standard (AccuStandard, New 

Haven, CT). 

 

Statistical Analysis 

 

 Duplicate samples were analyzed by GC ECD to determine THM and HAA 

formation potentials in all non-treated and (S-)PAC treated waters.  Error bars indicate the 

variability in GC data and represent one standard deviation from the averaged data.  They 

were calculated following the error propagation rules for subtraction and division.   

Preliminary batch kinetic tests were conducted for the five as-received PACs after 

contact times of 2.5, 5, 10, 15, 30, 45, and 60 minutes.  These tests were repeated later during 

the complete batch study. Furthermore, replicate tests were conducted for PAC E and its 

superfine versions (S-E-1, S-E-2) to assess the reproducibility of the data. PAC C and its 

superfine version S-C-1 were used in additional batch kinetic tests analyzing the effect of 

solution pH and PAC dose. For results of replicate experiments, the error bars indicate the 

variability in repeated experiments and represent one standard deviation from averaged data.  



 

23 

CHAPTER 4: RESULTS AND DISCUSSION 

 

 

In this chapter, the effectiveness of powdered activated carbon (PAC) for disinfection 

by-product (DBP) precursor, natural organic matter (NOM), and trace organic pollutant 

removal was evaluated. Factors investigated included PAC type (coconut shell, wood, 

bituminous coal, lignite) and PAC size (as-received PAC and superfine PAC prepared from 

as-received PACs).  In addition, the (S-)PAC characteristics that affect DBP precursor, 

NOM, and trace organic pollutant removal were evaluated (oxygen content, pore size 

distribution).  Source waters from four utility participants were evaluated. 

 

ADSORBENT CHARACTERISTICS 

 

Both chemical and physical characteristics were evaluated for each (S-)PAC.  

Chemical characteristics included carbon, hydrogen, nitrogen, and oxygen content as well as 

ash content.  Physical characteristics included BET surface area and micropore and mesopore 

volumes. In addition, scanning electron microscopy (SEM) was conducted to determine the 

approximate size of (S-)PACs. 

 

Chemical Characteristics of (S-)PACs 

 

The ash and elemental composition (carbon, hydrogen, nitrogen, and oxygen) was 

determined for all 18 (S-)PACs, and the results are presented in Table 4.1.  The elemental 

composition of the carbons varied because of differences in base material and activation 

method.  For the as-received PACs, the lignite-based PAC (B) had the highest ash (~28%) 

and oxygen contents (~11%).  The coconut shell-based PAC (A) had among the lowest ash 

(~3%) and oxygen contents (~6%).  Grinding the as-received PACs into their superfine 

versions decreased the carbon content and increased the oxygen contents.  For example, the 

thermally activated wood-based PAC (C) had an oxygen content of ~7% and carbon content 
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of ~88%.  In contrast, its superfine version S-C-1 had an oxygen content of ~12% and carbon 

content of ~79%.  The higher oxygen contents of S-PACs could be a result of prolonged 

exposure to oxygen and heat generated during the wet milling process that may have changed 

the S-PAC surface chemistry. 

 

Physical Characteristics of (S-)PACs 

 

 N2 adsorption isotherm experiments were conducted for all 18 (S-)PACs to determine 

their BET surface area, micropore volume, and mesopore volume (Table 4.2).  The BET 

surface area was highest for PAC D (1460 m
2
/g) and lowest for PAC B (507 m

2
/g).  PAC A 

exhibited the largest micropore volume (0.395 cm
3
/g) and the smallest mesopore volume 

(0.072 cm
3
/g). PAC D had the largest mesopore volume (0.807 cm

3
/g) and a micropore 

volume that was similar to that of PAC A. 

 It is interesting to compare the mesopore volumes of the as-received PACs and their 

superfine versions.  For the PAC/S-PAC pairs of carbons A, B, C, and E, the mesopore 

volumes were larger than those of the corresponding as-received PAC. The most dramatic 

effect was observed for coconut shell-based PAC; S-A-2 had a mesopore volume that was 6 

times larger than that of the as-received form (PAC A). Because mesopores can serve as 

transport pores, the larger mesopore volume of the S-PACs may have enhanced adsorption 

rates beyond those attributable to differences in particle size alone. Furthermore, the larger 

mesopore volume of the S-PACs may lead to higher DOC adsorption capacities relative to 

those of the corresponding as-received PAC as NOM constituents adsorb in mesopores and 

large micropores.  The effect of the larger S-PAC mesopore volume on NOM and DBP 

precursor removal will be discussed in more detail in a later section. 
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Table 4.1 Elemental composition and ash content of (S-)PACs 

BASE 

MATERIAL 
(S-) PAC ASH, % CARBON, % HYDROGEN, % NITROGEN, % OXYGEN, % SUM, % 

Coconut shell A                   

As-received 3.0 92.3 0.9 0.2 6.4 102.8 

S-A-1 3.2 85.3 0.4 0.2 10.7 99.8 

S-A-2 4.2 85.9 0.5 0.2 10.6 101.3 

Lignite coal  B               

As-received 28.1 68.4 1.0 0.6 10.9 108.9 

S-B-1 26.1 62.5 0.7 0.5 17.3 107.2 

S-B-2 25.9 62.8 0.8 0.5 17.7 107.7 

Wood C    

As-received 7.5 88.3 1.2 0.2 7.3 104.5 

S-C-1 6.1 79.1 0.7 0.2 11.6 97.7 

S-C-2 9.0 75.1 0.7 0.2 13.8 99.0 

Wood D               

As-received 5.5 87.3 2.5 0.1 9.4 104.9 

S-D-1 4.3 82.0 1.5 0.2 12.8 100.8 

S-D-2 5.2 79.5 1.7 0.2 13.9 100.4 

Bituminous 

coal 
E                                     

As-received 6.2 88.4 1.0 0.6 5.8 102.0 

S-E-1 7.1 86.8 0.8 0.6 9.3 104.6 

S-E-2 6.4 85.1 1.0 0.6 8.8 101.9 

Lignite coal F  As-received 19.6 73.3 1.3 0.5 7.9 102.7 

Proprietary G  As-received 11.3 85.6 0.9 0.3 5.4 103.5 

Proprietary H  As-received 7.6 90.5 0.9 0.5 5.8 105.4 
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Table 4.2 BET surface area and micropore and mesopore volumes 

BASE MATERIAL (S-) PAC 
BET SURFACE AREA, 

m
2
/g 

MICROPORE VOLUME, 

cm
3
/g 

MESOPORE VOLUME, 

cm
3
/g 

Coconut shell A                   

As-received 1070 0.395 0.072 

S-A-1 1090 0.378 0.343 

S-A-2 1120 0.396 0.438 

Lignite coal  B               

As-received 507 0.140 0.386 

S-B-1 595 0.164 0.629 

S-B-2 607 0.175 0.514 

Wood C    

As-received 912 0.313 0.225 

S-C-1 950 0.323 0.339 

S-C-2 917 0.294 0.565 

Wood D               

As-received 1460 0.390 0.807 

S-D-1 1400 0.393 0.742 

S-D-2 1270 0.370 0.675 

Bituminous coal E                                     

As-received 901 0.317 0.140 

S-E-1 879 0.300 0.251 

S-E-2 888 0.292 0.438 

Lignite coal F  As-received 73.3 613 0.159 

Proprietary G  As-received 85.6 903 0.273 

Proprietary H  As-received 90.5 1020 0.349 
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Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) was completed for all 18 (S-)PACs to 

determine the approximate size of the superfine PACs. Prior to SEM analysis, the actual size 

of the S-PACs was unknown.  The PACs were ground in a wet-bead mill to a target size of 

~1 µm and <1 µm. Figures 4.1 through 4.6 present the SEM results. 

In each image, the smooth surface in the background is the membrane, and the rough 

surfaces/edges are the (S-)PAC particles.  There is a scale bar at the bottom of each image to 

indicate the size of the particles. The scale bar is 5 µm for PACs and 500 nm for S-PACs.  It 

is interesting to compare the image of each PAC in accordance to it base material.   The 

coconut shell-based PAC (A) is made up of individual particles with relatively smooth 

surfaces (Figure 4.1).  In contrast, the surface of the lignite-based PAC (B) is rough, and the 

particle could be an aggregate consisting of many smaller particles (Figure 4.2). 

For the traditional as-received PACs, the mean particle diameters ranged from 7 to 12 

µm (Table 4.3).  The smaller as-received PACs have mean particle diameters of 4 to 7 µm 

(Table 4.3). For the superfine versions of PAC C (Figure 4.3), D (Figure 4.4), and E (Figure 

4.5), there is a clear difference in size between the S-PAC-1 and S-PAC 2 versions.  The S-

PAC-1 versions had particle mean diameters of ~0.63 µm (S-C-1), ~0.88 µm (S-D-1), and 

~0.46 µm (S-E-1) (Table 4.3).  In contrast, the S-PAC-2 versions were smaller with mean 

particle diameters of ~0.18 µm (S-C-2), ~0.21 µm (S-D-2), and ~0.26 µm (S-E-2) (Table 

4.3). For the S-PAC versions of PAC A and B, the particle sizes are more uniform with 

diameters of ~0.32 µm for S-A-1 and S-A-2, and ~0.21 µm and ~0.16 µm for S-B-1 and S-B-

2, respectively (Table 4.3).  Further analysis is needed to accurately determine the particle 

size distribution of the (S-) PACs; however, it is clear that the target size of <1 µm was 

reached for the S-PAC-2 carbons.  In contrast, the S-PAC-1 carbons were smaller than the 

initially targeted diameter of ~1 µm.  Furthermore, the mean diameters of the traditionally 

sized as-received PACs were considerably smaller than those provided by the manufacturer 

(Table 4.3). 
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Figure 4.1 Scanning electron microscopy images of (a) as-received PAC A and its 

superfine versions (b) S-A-1 and (c) S-A-2.  Scale bar at bottom right in image (a) 

represents 5 µm and in images (b) and (c) 500 nm. 

 

 

Figure 4.2 Scanning electron microscopy images of (a) as-received PAC B and its 

superfine versions (b) S-B-1, (c) S-B-2.  Scale bar at bottom right in image (a) 

represents 5 µm and in images (b) and (c) 500 nm. 

 

 

Figure 4.3 Scanning electron microscopy images of (a) as-received PAC C and its 

superfine versions (b) S-C-1, (c) S-C-2.  Scale bar at bottom right in image (a) 

represents 5 µm and in images (b) and (c) 500 nm. 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 



 

29 

 

Figure 4.4 Scanning electron microscopy images of (a) as-received PAC D and its 

superfine versions (b) S-D-1, (c) S-D-2.  Scale bar at bottom right in image (a) 

represents 5 µm and in images (b) and (c) 500 nm. 

 

 

Figure 4.5 Scanning electron microscopy images of as-received PAC (a) E and its 

superfine versions (b) S-E-1, (c) S-E-2.  Scale bar at bottom right of image (a) 

represents 5 µm and images (b) and (c) represents 500 nm. 

 

 

Figure 4.6 Scanning electron microscopy images of smaller as-received PAC (a) F, (b) 

G, and (c) H.  Scale bar at bottom right of images represents 5 µm. 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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Table 4.3 Approximate particle size of (S-)PACs from SEM Analysis 
(S-)PAC Mean Diameter, µm Diameter Range, µm 

A 

As-received 7 1 – 23 

S-A-1 0.32 0.08 – 0.99 

S-A-2 0.32 0.09 – 0.78 

B 

As-received 8 2 – 19 

S-B-1 0.21 0.07 – 0.64 

S-B-2 0.16 0.06 – 0.30 

C 

As-received 9 2 – 18 

S-C-1 0.63 0.21 – 1.58 

S-C-2 0.18 0.07 – 0.33 

D 

As-received 12 4 – 39 

S-D-1 0.88 0.08 – 2.14 

S-D-2 0.21 0.10 – 0.43 

E 

As-received 9 2 - 31 

S-E-1 0.46 0.14 – 1.13 

S-E-2 0.26 0.01 – 1.42 

F As-received 4 1 – 11 

G As-received 5 1 – 25 

H As-received 7 1 – 21 

 

 

EFFECT OF PAC TYPE ON NOM, DBP PRECURSOR, AND TRACE ORGANIC 

POLLUTANT REMOVAL 

 

 Batch kinetics tests were conducted in CCR water to compare NOM and DBP 

precursor removal using all 18 (S-)PACs.  For these tests, the (S-)PAC dose was 15 mg/L, 

and the pH was at the ambient pH of 7.3.   

 

Chlorine Demand Study  

 

 Chlorine demand tests were conducted with raw and (S-)PAC treated CCR water 

using uniform formation conditions (temperature = 20 ± 2 
o
C, pH = 8 ± 0.2, incubation time 
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= 24 ± 1 hours, Summers et al. 1996) to determine the required Cl2:DOC ratio to yield a 

chlorine residual of 1 ± 0.4 mg Cl2/L.  A buffered sodium hypochlorite solution was dosed 

into each sample to obtain the targeted Cl2:DOC ratios.  Figure 4.7 shows the chlorine 

residual curves for raw and (S-)PAC treated CCR water.  In all cases, a Cl2:DOC ratio  of 1 

mg Cl2: 1 mg C yielded the desired chlorine residual of 1.0 ± 0.4 mg/L after 24 hours.  This 

ratio was used in all subsequent THM and HAA formation potential tests involving CCR 

water. 

 

 

 

Figure 4.7 Chlorine demand study for CCR water following uniform formation 

conditions in (a) raw water (DOC = 5.3 mg C/L), (b) PAC E treated water (DOC = 4.7 

mg C/L), and (c) S-E-2 treated water (DOC = 4.0 mg C/L).  

 

(a) (b) 

(c) 
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Comparison of S-PAC and PAC for NOM Removal 

 

Batch kinetic tests were conducted in CCR water to compare the effectiveness of as-

received and superfine PACs for DOC and UV254 removal.  A 15 mg/L (S-)PAC dose was 

added to non-filtered CCR water, and samples were taken at 2.5, 5, 10, 15, 30, 45, and 60 

minutes.  In addition, an initial sample was taken prior to (S-)PAC addition (time 0 sample). 

To determine adsorption equilibrium conditions, samples were also taken after 2 and 3 weeks 

of contact time.  The results of this study are summarized in Figures 4.8 through 4.11.  

 Figure 4.8 summarizes dissolved organic carbon (DOC) removals after contact times 

of 2.5, 5, 10, 15, 30, 45, and 60 minutes.  For the as-received PACs, the chemically activated  

wood-based PAC (D) achieved the greatest removal followed by the thermally activated 

wood (C), lignite (B), bituminous coal (E), and coconut shell-based PACs (A).  A 15 mg/L 

dose of the chemically activated wood-based PAC achieved ~11% DOC removal after 60 

minutes of contact time.  The bituminous coal and coconut shell-based PACs achieved less 

than 6% DOC removal. For the smaller as-received PACs, PACs F and G yielded more DOC 

removal than the traditional PACs, indicating that the smaller PAC size facilitated DOC 

uptake, at least in part as a result of increased adsorption kinetics. PAC G had the highest 

DOC removal among the eight as-received PACs with ~22% following 60 minutes of contact 

time.  The results for DOC removal with traditional and smaller as-received PACs indicate 

that some PACs can achieve meaningful levels of NOM removal after 60 minutes of contact 

time. The superfine PACs achieved more DOC removal than their as-received PAC form.  

For the S-PAC-1 versions, the coconut shell-based S-PAC had the greatest DOC removal 

followed by the chemically activated wood (D), thermally activated wood (C), bituminous 

coal (E), and lignite (B).  The DOC removals for S-PAC-1 ranged from ~15 % (S-B-1) to 

~28 % (S-A-1) after 60 minutes of contact time. The greatest increase in DOC removal for S-

PAC-1 was seen with the coconut shell-based PAC/S-PAC-1 pair. The DOC removal with S-

A-1 was 6.5 times that obtained with its as-received version (A). Comparing the S-PAC-1 

and S-PAC-2 versions, grinding the as-received PAC longer to the targeted S-PAC-2 size 

range did not always result in increased DOC removal.  For example, S-A-1 performed better 
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than S-A-2 for DOC removal.  Small improvements in DOC removal with prolonged milling 

were observed for the S-PAC-2 forms of carbons C and E. 

Figure 4.9 summarizes the UV254 kinetics for all 18 (S-)PACs.  The UV254 removal 

results were similar to the DOC removal results.  Among the as-received PACs, the wood-

based PACs (C and D) achieved the highest removals followed by the lignite (B), bituminous 

coal (E), and coconut shell (A) based PACs. UV254 removal results were higher than DOC 

removal results, indicating that activated carbon preferentially removes organic matter that is 

aromatic and/or unsaturated in character.  

 Figure 4.10 summarizes DOC removal data for each (S-)PAC following contact times 

of 15 minutes, 60 minutes, 2 weeks, and 3 weeks, the latter two contact times representing 

equilibrium conditions. After a contact time of 3 weeks, DOC removal was greater with the 

S-PAC versions than with the corresponding as-received PAC.  The coconut shell-based 

PAC had ~12% DOC removal after 3 weeks of contact time.  In contrast, S-A-1 had ~36% 

DOC removal after 3 weeks of contact time.  This result suggests that wet-milling the as-

received PAC A to a finer particle size not only enhanced DOC adsorption kinetics (as 

shown in Figure 4.8) but also its equilibrium adsorption capacity for NOM. Similar results 

were obtained for all other PAC/ S-PAC pairs, as shown in Figure 4.10 (b) – (f).    

Figure 4.11 summarizes the UV254 removals after contact times of 15 minutes, 60 

minutes, 2 weeks, and 3 weeks.  The UV254 removal results paralleled the DOC removal 

results with increased equilibrium UV254 removal by S-PAC relative to the corresponding as-

received PAC version. 
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Figure 4.8 Effect of PAC base material and particle size on DOC removal kinetics for 

carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, 

(e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. 

(a) 
(f) 

(c) (d) 

(b) 

(e) (f) 
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Figure 4.9 Effect of PAC base material and particle size on UV254 removal kinetics for 

carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, 

(e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. 

(a) 

(c) (d) 

(b) 

(e) (f) 
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Figure 4.10 Effect of PAC base material and particle size on DOC removal after contact 

times of 15 minutes, 60 minutes, 2 weeks, and 3 weeks for carbons (a) A, S-A-1, S-A-2, 

(b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, (e) E, S-E-1, S-E-2, and (f) 

F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. 

(a) 

(c) (d) 

(b) 

(e) (f) 
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Figure 4.11 Effect of PAC base material and particle size on UV254 removal after 

contact times of 15 minutes, 60 minutes, 2 weeks, and 3 weeks for carbons (a) A, S-A-1, 

S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, (e) E, S-E-1, S-E-2, 

and (f) F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. 

 

(a) 

(c) (d) 

(b) 

(e) (f) 
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The specific UV absorbance (SUVA) was calculated for non-treated CCR water and 

the (S-)PAC-treated samples after 60 minutes of contact time (Table 4.4).  The SUVA was 

highest for the non-treated sample and similar to the non-treated sample for the samples 

treated with the as-received PAC. The SUVA was lower for the samples treated with S-PAC 

(with the exception of S-B-2), suggesting that NOM with aromatic and/or unsaturated 

character was preferentially removed with the S-PACs.  

 

Table 4.4 DOC, UV254, and SUVA of non-treated and (S-)PAC-treated CCR water.       

(S-)PAC contact time = 60 minutes.  (S-)PAC dose = 15 mg/L. Water = CCR. 
Sample DOC, mg/L UV254, cm

-1
 SUVA, m

-1
/(mg/L) 

Non-treated CCR 4.9 0.14 2.9 

A 4.7 0.13 2.8 

S-A-1 3.5 0.09 2.4 

S-A-2 3.7 0.09 2.5 

B 4.5 0.12 2.8 

S-B-1 4.1 0.11 2.6 

S-B-2 3.7 0.11 2.9 

C 4.3 0.12 2.8 

S-C-1 3.7 0.10 2.6 

S-C-2 3.6 0.10 2.7 

D 4.3 0.12 2.8 

S-D-1 3.6 0.09 2.5 

S-D-2 3.6 0.09 2.6 

E 4.6 0.13 2.9 

S-E-1 3.9 0.10 2.6 

S-E-2 3.7 0.09 2.4 

F 4.1 0.11 2.6 

G 3.7 0.10 2.6 

H 4.3 0.12 2.8 
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Comparison of S-PAC and PAC for DBP Precursor Removal 

 

 Batch tests were conducted to determine DBP precursor removal CCR water after 60 

minutes of contact with 15 mg/L (S-)PAC.  DBP formation potentials were evaluated using 

uniform formation conditions (temperature = 20 ± 2 
o
C, pH = 8 ± 0.2, incubation time = 24 ± 

1 hours, chlorine residual = 1 ± 0.4 mg Cl2/L ) and quantified based on the methods 

described in Chapter 3.  The results from each of these studies are shown in Figures 4.12 and 

4.13. 

 The reduction in TTHM formation potential as a result of (S-)PAC treatment is 

shown in Figure 4.12.  Among the as-received PACs, the chemically activated wood-based 

PAC (D) and the lignite-based PAC (B) produced meaningful levels of TTHM removal with 

~16% and ~14% removal, respectively.  In contrast, the bituminous coal (E) and coconut 

shell (A) based PACs yielded less than 6% TTHM removal.  For the smaller as-received 

PACs, PAC F and PAC G achieved the highest reduction in TTHM formation potential with 

~26% and ~32%, respectively. The smaller as-received PAC H yielded ~8% TTHM removal, 

signifying that not all PACs with smaller particle size effectively remove TTHM precursors.  

Among the S-PAC-1 versions, the chemically activated wood-based S-PAC-1 (S-D-1) 

achieved the highest reduction in TTHM formation potential, followed by the coconut shell 

(S-A-1), lignite (S-B-1), thermally activated wood (S-C-1), and bituminous coal (S-E-1) 

based S-PACs.  The TTHM precursor removal with S-PAC-1 was similar to S-PAC-2 

versions for PACs A, B, C, and D.  For example, a 15 mg/L S-D-1 dose yielded ~35% 

TTHM removal.  In comparison, a 15 mg/L S-D-2 dose yielded ~34% TTHM removal. 

 The most prominent THM species present was chloroform, and this result is 

consistent with a previous study on THM concentrations in North Carolina drinking water 

including CCR water (Singer, Obolensky, and Greiner 1995). CCR water has low levels of 

bromide ions (Singer, Obolensky, and Greiner, 1995), and therefore, the chlorinated THM 

species were expected to form at the highest concentrations. Chloroform accounted for ~93% 

of the TTHMs followed by bromodichloromethane with ~7% of TTHMs. 

Dibromochloromethane and bromoform were at or barely above the method reporting limit 
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of ~1 µg/L and were not important contributors to the TTHM formation potential of raw and 

(S-)PAC treated CCR. 

 Figure 4.13 shows the reduction in HAA9 formation potential as a result of (S-)PAC 

treatment.  Among the traditional as-received PACs (A-E), meaningful levels of HAA9 

precursor removal was achieved with the two wood (C, D) and the lignite (B) based PACs.  

The coconut shell (A) and bituminous coal (E) based PACs produced negligible HAA9 

precursor removal.  The smaller as-received PACs achieved between 16% and 25% reduction 

in HAA9 formation potential.  Among the S-PAC-1 carbons, the coconut shell-based S-A-1 

produced the highest HAA9 formation potential reduction followed by the wood (S-D-1, S-

C-1), lignite (S-B-1), and bituminous coal (S-E-1) based carbons.  A 15 mg/L dose of S-A-1 

yielded ~41% HAA9 precursor removal whereas the same dose of S-E-1 yielded ~16% 

HAA9 precursor removal.  Among the S-PAC-2 carbons, the thermally activated wood-based 

S-C-2 produced the highest HAA9 formation potential reduction followed by the chemically 

activated wood (S-D-2), bituminous coal (S-E-2), coconut shell (S-A-2), and lignite (S-B-2) 

based carbons.  A 15 mg/L dose of S-C-2 yielded ~43% HAA9 precursor removal whereas 

the same dose of S-B-2 yielded ~25% HAA9 precursor removal. 

 Based on the results of a prior study, it was expected that dichloroacetic acid and 

trichloroacetic acid would dominate among the nine HAAs (Singer, Obolensky, and Greiner 

1995). The sum of the dichloroacetic acid and trichloroacetic acid concentrations made up 

~87% of the HAA9 concentration in raw and (S-)PAC treated CCR water.   
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Figure 4.12 Effect of PAC base material and particle size on reduction in TTHM 

formation potential for carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-

C-2, (d) D, S-D-1, S-D-2, (e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 

mg/L.  Water = CCR.  

(a) 

(c) (d) 

(b) 

(e) (f) 
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Figure 4.13 Effect of PAC base material and particle size on reduction in HAA9 

formation potential for carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-

C-2, (d) D, S-D-1, S-D-2, (e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 

mg/L.  Water = CCR.  

(a) 

(c) 
(d) 

(b) 

(e) 
(f) 

Negligible 

Negligible 
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Comparison of S-PAC and PAC for SMX Removal 

 

Batch kinetic tests evaluating SMX removal were conducted in CCR water using all 

18 (S-)PACs.  For these tests, the (S-)PAC dose was 15 mg/L, and the pH was not adjusted.  

The initial SMX concentration was 100 µg/L. Samples were taken after 2, 5, 10, 15, 30, 60, 

and 120 minutes.   

The results for the batch kinetic tests are presented in Figure 4.14.  Among the 

traditional as-received PACs, the thermally activated wood-based PAC (C) was the most 

effective for SMX removal, followed by the lignite (B), bituminous coal (E), chemically 

activated wood (D), and coconut shell (A) based PACs.  A 15 mg/L dose of PAC C achieved 

~57% removal after 60 minutes of contact time.  SMX removal ranged from ~56% to ~62% 

for the smaller as-received PACs (F-H) after 60 minutes of contact time, with PAC G 

achieving the most removal.  Among the S-PAC-1 versions, the coconut shell (S-A-1) and 

thermally activated wood (S-C-1) based S-PACs were the most effective for SMX removal.  

After 60 minutes of contact time, a 15 mg/L dose of S-A-1 and S-C-1 achieved almost 

complete SMX removal (~98% and ~99%, respectively).  The chemically activated wood-

based S-PAC-1 (S-D-1) was the least effective for SMX removal, reaching only ~32% SMX 

removal after a dose of 15 mg/L and contact time of 60 minutes.  Among the S-PAC-2 

versions, the coconut shell (S-A-2) and the thermally activated wood (S-C-1) were again the 

most effective with near complete SMX removal (~98% and ~97 respectively) after 60 

minutes of contact time.  The chemically activated wood-based S-PAC-2 was the least 

effective for SMX removal, reaching only ~40% SMX removal after 60 minutes of contact 

time. 
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Figure 4.14 Effect of PAC base material and particle size on SMX removal kinetics for 

carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, 

(e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. Initial 

SMX concentration = 100 µg/L. 

(a) 

(c) (d) 

(b) 

(e) (f) 
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Comparison of S-PAC and PAC for MIB Removal 

 

 Batch kinetic tests were also conducted to evaluate 2-methylisoborneol (MIB) 

removal with all 18 (S-)PACs in CCR water.  The results from this test are summarized in 

Figure 4.15.  The (S-)PAC dose was 15 mg/L, and the initial MIB concentration was 100 

ng/L.  Samples were taken after (S-)PAC contact times of 2.5, 5, 10, 15, 30, 45, and 60 

minutes.  Additional samples were taken after 2, 4, and 24 hours. 

 The results for the batch kinetic tests are presented in Figure 4.15.  Among the as-

received PACs, the two wood-based PACs (C and D) were the most effective for MIB 

removal followed by the bituminous coal, lignite, and coconut shell-based PACs.  MIB 

removals ranged from ~33% with the coconut shell-based PAC (A) to ~69% with the 

thermally activated wood-based PAC (C).  In contrast to the results obtained for NOM/DBP 

precursors and SMX, the smaller as-received PACs did not achieve higher MIB removal 

percentages than the traditionally sized PACs; MIB removal for PACs F-H ranged from 

~35% to ~58%.  Faster adsorption kinetics were observed with the S-PACs compared to their 

as-received forms.  For example, a 15 mg/L dose of PAC A achieved ~33% MIB removal 

after 60 minutes of contact time compared to ~94% MIB removal with S-A-1 under the same 

conditions.   
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 Figure 4.15 Effect of PAC base material and particle size on MIB removal kinetics for 

carbons (a) A, S-A-1, S-A-2, (b) B, S-B-1, S-B-2, (c) C, S-C-1, S-C-2, (d) D, S-D-1, S-D-2, 

(e) E, S-E-1, S-E-2, and (f) F, G, and H. (S-)PAC dose = 15 mg/L.  Water = CCR. Initial 

MIB concentration = 100 ng/L. 

(a) 

(c) (d) 

(b) 

(e) (f) 
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Effect of (S-)PAC Characteristics on NOM and DBP Precursor Removal Efficiency 

  

 As described in Chapter 2, the characteristics of (S-)PACs affect their effectiveness 

for removing NOM and DBP precursors.  This section evaluates the importance of pore size 

distribution and oxygen content on NOM and DBP precursor removal.  Figures 4.16 through 

4.19 show the effect of secondary micropore (10Å<X<20Å) and mesopore (20Å<X<500Å) 

volume on DOC, UV254, TTHM precursor, and HAA9 precursor removal. 

 Figure 4.16 relates DOC removal to the sum of secondary micropore and mesopore 

volumes. DOC removal values were obtained after 3 weeks of contact time (adsorption 

equilibrium conditions).  There was a positive correlation between DOC uptake and the sum 

of secondary micropore and mesopore volumes for all thermally activated carbons except 

those prepared from lignite (B and F).  In addition, the chemically activated wood-based 

carbons differed from the trend established by carbons A, C, E, G, and H.  The superfine 

versions of carbons A, B, C, and E had higher secondary micropore and mesopore volumes 

than their as-received versions as well as higher DOC removals.  UV254 removal after 3 

weeks of contact time also increased with increasing secondary micropore plus mesopore 

volume for all thermally activated (S-)PACs. Again, the performance of the chemically 

activated wood-based (S-)PACs could not be described well by the correlation shown for the 

thermally activated (S-)PACs (Figure 4.17).   

 For thermally activated (S-)PACs, Figure 4.18 shows a strong linear relationship (r
2
 = 

0.73) between TTHM precursor removal obtained by the thermally activated (S-)PACs and 

the sum of secondary micropore and mesopore volumes.  In contrast, there was not as strong 

of a trend between the removal of HAA9 precursors and pore volume (Figure 4.19).  An 

increase in the sum of secondary micropore and mesopore volumes generally led to an 

increase in HAA9 precursor removal but the chemically activated (S-)PACs as well as 

carbons S-B-1, F, and G deviated from the trend line shown in Figure 4.19.  The weaker 

correlation suggests that other factors determine the effectiveness of (S-)PAC for HAA9 

precursor removal. 
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Figure 4.16 Relationship between DOC removal and the sum of secondary micropore 

and mesopore volumes. Water = CCR. (S-)PAC dose = 15 mg/L 

 

 

Figure 4.17 Relationship between UV254 removal and the sum of secondary micropore 

and mesopore volumes. Water = CCR. (S-)PAC dose = 15 mg/L 
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Figure 4.18 Relationship between TTHM precursor removal and the sum of secondary 

micropore and mesopore volumes. Water = CCR. (S-)PAC dose = 15 mg/L. 

 

 

Figure 4.19 Relationship between HAA9 precursor removal and the sum of secondary 

micropore and mesopore volumes. Water = CCR. (S-)PAC dose = 15 mg/L 
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 Correlations between oxygen content and NOM and DBP precursor removal were 

also evaluated, and the results can be found in Appendix A.  In general, the relationships 

between NOM and DBP precursor removal and oxygen content were similar to those 

obtained with the sum of secondary micropore and mesopore volumes. In addition, the sum 

of the secondary micropore and mesopore volumes was plotted as a function of (S-)PAC 

oxygen content, as presented in Figure 4.20.   For as-received and superfine versions of 

carbons A, B, C, and E as well as the smaller as-received PAC H, there was a relatively 

strong linear relationship (r
2
 = 0.62) between oxygen content and the sum of secondary 

micropore and mesopore volumes. As a result, it is difficult to determine to what extent pore 

volume and to what extent oxygen content affected NOM and DBP precursor removal.  

Results of prior studies suggest that physical factors (mesopore volume, sum of secondary 

micropore and mesopore volumes) control NOM adsorption by activated carbon.  However, 

prior studies have not evaluated whether controlling physical factors are correlated with 

chemical characteristics such as oxygen content 

 

Figure 4.20 Relationship between oxygen content and the sum of secondary micropore 

plus mesopore volumes.  
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EFFECT OF PAC TYPE ON NOM, DBP PRECURSOR, AND TRACE ORGANIC 

POLLUTANT REMOVAL FROM ADDITIONAL WATER SOURCES 

 

 As presented in the previous section, batch kinetic tests were conducted to compare 

NOM and DBP precursor removal with all 18 (S-)PACs.  From these tests, a subset of (S-) 

PACs was chosen for additional experiments to evaluate their performance in three additional 

water sources.  Based on their performance for NOM, DBP precursor, and trace organic 

pollutant removal, the carbons S-A-1, C, S-C-1, and G were selected.  Results are presented 

for batch kinetic tests conducted in CCR, LM, OR, and PR waters 15 mg/L (S-)PAC. 

 

Chlorine Demand Study  

 

 Chlorine demand tests were conducted in raw water from each utility participant 

using uniform formation conditions (temperature = 20
o
C, pH = 8, incubation time = 24 

hours).  A buffered sodium hypochlorite solution was dosed into each water to obtain the 

targeted Cl2:TOC ratios. For each water source, chlorine demand tests were completed for 

raw water and (S-)PAC treated water.  Figures 4.21 through 4.23 show the chlorine residuals 

remaining after 24 hours of incubation as a function of applied chlorine dose (expressed as 

Cl2:DOC ratio) for LM, OR, and PR, respectively.  Similar data for raw and (S-)PAC treated 

CCR water were presented in Figure 4.7.  Table 4.5 summarizes the raw water DOC and its 

corresponding Cl2:DOC ratio to yield a chlorine residual of 1 mg/L after 24 hours for each 

water.  This ratio was used in each subsequent THM and HAA formation potential test.  

 

Table 4.5 Cl2:DOC ratio required to yield a 1 mg/L chlorine residual                            

after 24 hours for each raw water source  

Raw water source Raw water DOC (mg C/L) 
Cl2:TOC (mg Cl2/mg C) to yield Cl2 

residual of 1 mg/L after 24 hours 

CCR  5.3 1.0:1.0 

LM  19.9 1.9:1.0 

OR 3.5 1.6:1.0 

PR  4.8 1.1:1.0 
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Figure 4.21 Chlorine demand study for LM water under uniform formation conditions 

in (a) raw water (DOC = 19.9 mg C/L) and (b) S-C-1 treated water (DOC = 18.4 mg 

C/L). 

 

  

Figure 4.22 Chlorine demand study for OR water following uniform formation 

conditions in (a) raw water (DOC = 3.5 mg C/L) and (b) S-C-1 treated water (DOC = 

2.5 mg C/L). 

(a) (b) 

(a) (b) 
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Figure 4.23 Chlorine demand study for PR water under uniform formation conditions 

in (a) raw water (DOC = 4.8 mg C/L) and (b) S-C-1 treated water (DOC = 3.7 mg C/L). 

 

Comparison of S-PAC and PAC for NOM Removal 

 

Batch kinetic tests were conducted with a subset of four (S-)PACs in CCR, LM, OR, 

and PR waters. A 15 mg/L (S-)PAC dose was added to non-filtered raw water, and samples 

were taken at 2.5, 5, 10, 15, 30, 45, and 60 minutes.  An initial sample was taken at time 0 to 

evaluate initial conditions. To determine the adsorption equilibrium conditions, samples were 

taken after 2 and 3 weeks of contact time.  Results are summarized in Figures 4.24 through 

4.27. 

Figure 4.24 shows the DOC removal results obtained with the subset of four (S-) 

PACs in each of the studied waters. In CCR water, a 15 mg/L dose of the smaller PAC (G) 

achieved ~22% DOC removal after 60 minutes of contact time compared to ~10% DOC 

removal with the thermally activated wood-based PAC (C).  The superfine form of the 

thermally activated wood-based PAC, S-C-1, yielded approximately the same removal as 

PAC G after 60 minutes of contact time.  The superfine version of the coconut shell-based 

PAC, S-A-1, achieved the greatest DOC removal (~28%).  The order of (S-)PAC 

performance was the same for all four waters, with S-A-1 achieving the greatest removal 

followed by G, S-C-1, and C. Among the four source waters, DOC in OR water was most 

amenable to adsorptive removal by (S-)PAC. A 15 mg/L dose of S-A-1 achieved ~36% 

(a) (b) 
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removal whereas PAC C achieved ~18% removal with the same dose after 60 minutes of 

contact time. On a percentage basis, DOC removal was lowest for LM water, the water with 

the highest DOC (19.5 mg/L) and the NOM with the highest average molecular weight (data 

not shown). For all (S-)PACs tested, the DOC removal in LM water was less than 10%. 

However, the DOC mass loading (mg C adsorbed per gram of adsorbent) achieved in LM 

water was higher than in the three other waters (46.7 mg/g in LM water and 32.7-41.3 mg/g 

in the other waters for PAC C, 88.7 mg/g in LM water and 60.7-68.8 mg/g in the other waters 

for S-C-1).  

The UV254 data, shown in Figure 4.25, parallel those of the DOC removal data. In all 

four waters, UV254 removal results were higher than DOC removal results, indicating that 

activated carbon preferentially removes organic matter that is aromatic and/or unsaturated in 

character. 

Figures 4.26 and 4.27 sumarize DOC and UV254 removal percentages obtained with 

of the subset of (S-)PACs in each source water after contact times of 15 minutes, 60 minutes, 

2 weeks, and 3 weeks.  Comparing the C/S-C-1 pair in CCR water, UV254 removal was ~30% 

for the as-received PAC and ~40% for the superfine version after a contact time of 3 weeks 

(equilibrium conditions). These results suggest that grinding the as-received wood-based 

PAC to a finer particle size not only enhanced its adsorption kinetics but also increased its 

equilibrium adsorption capacity for natural organic matter (NOM).  A similar result was seen 

with the C/S-C-1 pair in LM water.  However, increased adsorption capacity for NOM was 

not seen in either OR or PR waters, indicating that the type and characteristics of NOM 

determines if an increased NOM adsorption capacity can be obtained with S-PAC.  

Nonetheless, at shorter contact times (15 and 60 minutes), higher DOC and UV254 removal 

percentages were obtained with S-C-1 relative to PAC C in all for waters, a result that 

illustrates the advantage of faster adsorption kinetics that were obtained with the superfine 

PAC. 
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Figure 4.24  Effect of PAC base material and particle size on DOC removal kinetics in 

(a) CCR, (b) LM, (c) OR, and (d) PR waters. (S-)PAC dose = 15 mg/L. 

(b) 

(a) (b) 

(c) (d) 
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Figure 4.25  Effect of PAC base material and particle size on UV254 removal kinetics in 

(a) CCR, (b) LM, (c) OR, and (d) PR waters. (S-)PAC dose = 15 mg/L. 

 

 

(a) (b) 

(c) (d) 
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Figure 4.26  Effect of PAC base material and size on DOC removal in (a) CCR, (b) LM, 

(c) OR, and (d) PR waters after contact times of 15 minutes, 60 minutes, 2 weeks, and 3 

weeks. (S-)PAC dose = 15 mg/L. 

 

(a) (b) 

(c) (d) 
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Figure 4.27  Effect of PAC base material and size on UV254 removal in (a) CCR, (b) LM, 

(c) OR, and (d) PR waters after contact times of 15 minutes, 60 minutes, 2 weeks, and 3 

weeks. (S-)PAC dose = 15 mg/L. 

 

  

 

 

 

 

 

(a) (b) 

(c) (d) 
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The specific UV absorbance (SUVA) was calculated for raw CCR, LM, OR, and PR 

waters and (S-)PAC-treated samples taken after 60 minutes of contact time (Tables 4.6 

through 4.9).  For the CCR water (Table 4.6), the SUVA was highest for the raw water 

sample. Compared to the PAC treated samples, the SUVA was lower for the samples treated 

with S-PAC, further suggesting that NOM with aromatic and/or unsaturated character was 

preferentially removed with the finer particles. The thermally activated wood-based PAC (C) 

produced water with a higher SUVA than the smaller as-received PAC (G), for which SUVA 

results were similar to those obtained with S-PAC. For the LM water (Table 4.7), the SUVA 

did not significantly change for PAC and S-PAC treated samples.  The SUVA results for OR 

and PR waters (Tables 4.8 and 4.9) paralleled those obtained with CCR water. 

 

Table 4.6 DOC, UV254 and SUVA results for CCR water obtained with a subset of four 

(S-)PACs.  (S-)PAC dose = 15 mg/L. Contact time = 60 minutes 
Sample DOC, mg/L UV254, cm

-1
 SUVA, m

-1
/(mg/L) 

Non-treated  4.9 0.14 2.9 

S-A-1 3.5 0.09 2.4 

C 4.3 0.12 2.8 

S-C-1 3.7 0.10 2.6 

G 3.7 0.10 2.6 

 

Table 4.7 DOC, UV254 and SUVA results for LM water obtained with a subset of four 

(S-)PACs.  (S-)PAC dose = 15 mg/L. Contact time = 60 minutes 
Sample DOC, mg/L UV254, cm

-1
 SUVA, m

-1
/(mg/L) 

Non-treated LM 19.5 0.96 4.9 

S-A-1 17.6 0.85 4.8 

C 18.8 0.94 5.0 

S-C-1 18.2 0.89 4.9 

G 18.2 0.89 4.9 
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Table 4.8 DOC, UV254 and SUVA results for OR water obtained with a subset of four 

(S-) PACs.  (S-)PAC dose = 15 mg/L. Contact time = 60 minutes 
Sample DOC, mg/L UV254, cm

-1
 SUVA, m

-1
/(mg/L) 

Non-treated OR 3.5 0.10 2.8 

S-A-1 2.2 0.05 2.3 

C 2.9 0.08 2.7 

S-C-1 2.5 0.06 2.3 

G 2.4 0.05 2.2 

 

Table 4.9 DOC, UV254 and SUVA results for PR water obtained with a subset of four  

(S-)PACs.  (S-)PAC dose = 15 mg/L. Contact time = 60 minutes 
Sample DOC, mg/L UV254, cm

-1
 SUVA, m-1/(mg/L) 

Non-treated PR 4.7 0.12 2.5 

S-A-1 3.4 0.07 1.9 

C 4.1 0.09 2.2 

S-C-1 3.8 0.08 2.0 

G 3.7 0.07 1.9 

 

Comparison of S-PAC and PAC for DBP Precursor Removal 

 

For each of the four water sources, batch tests were conducted to compare DBP 

formation potentials in non-treated water and treated water after 60 minutes of contact with 

15 mg/L (S-)PAC.  The DBP formation potentials were evaluated using uniform formation 

conditions (temperature = 20 ± 2 
o
C, pH = 8 ± 0.2, incubation time = 24 ± 1 hours, chlorine 

residual = 1 ± 0.4 mg Cl2/L) and quantified based on the methods described in Chapter 3.   

 The reduction in TTHM formation potential as a result of treatment with the subset of 

(S-)PACs for each of the studied waters is shown in Figure 4.28.  Consistent with OR and PR 

waters being the most amenable for NOM removal, they are also the most amenable for 

TTHM precursor removal.  A 15 mg/L dose of S-A-1 achieved ~41% and ~49% TTHM 

precursor removal in OR and PR waters, respectively.  LM water was the least amenable for 

TTHM precursor removal, with a less than 10% reduction in TTHM formation potential for 

all four (S-)PACs.   
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Figure 4.28  Effect of PAC base material and particle size on reduction in TTHM 

formation potential in (a) CCR, (b) LM, (c) OR, and (d) PR. (S-)PAC dose = 15 mg/L. 

 

 

(a) (b) 

(c) (d) 
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It is interesting to compare the TTHM speciation in the different waters.  In raw CCR 

and LM waters, chloroform made up ~94% and ~95%, of TTHMs, respectively (Table 4.10).  

As a result, the bromine incorporation factor was low for CCR and LM water (Table 4.11).  

The bromine incorporation factor (BIF) was calculated by dividing the sum of brominated 

THM species concentrations (µM) by the sum of all four THM species concentrations (µM) 

(Chellam 2000; Tan, Kilduff, Karanfil 2008).  Similar chloroform percentages and BIF 

values were obtained with the (S-)PAC treated samples in CCR and LM waters.   

In contrast, chloroform made up only ~74% and ~63% of the TTHM concentration in 

raw OR and PR waters, respectively (Table 4.10), a result of the higher bromide/DOC ratio 

in OR and PR waters (Table 3.1).  Moreover, the BIF values were higher in samples treated 

with (S-)PAC. Because (S-)PAC removes DOC but negligible bromide, an elevated 

bromide/DOC ratio results in (S-)PAC treated samples.  For OR and PR samples treated with 

S-A-1, the carbon that produced the highest DOC removals after a contact time of 60 minutes 

(Figure 4.24), chloroform made up only ~55% and ~38% of the TTHM concentration, 

respectively (Table 4.10). 

 

Table 4.10 Chloroform formation potential as a percentage of TTHM formation 

potential in four raw water sources and in waters following treatment with four          

(S-)PACs.  (S-)PAC dose = 15 mg/L 
 Non-Treated S-A-1 C S-C-1 G 

CCR 94.4 91.2 94.4 93.8 93.6 

LM 95.1 95.0 95.2 94.5 94.3 

OR 73.7 54.7 65.6 55.0 58.0 

PR 63.2 37.9 54.0 44.8 40.9 

 

Table 4.11 Bromine incorporation factor for THMs in four raw water sources and in 

waters following treatment with four (S-)PACs. (S-)PAC dose = 15 mg/L. 
 Non-Treated S-A-1 C S-C-1 G 

CCR 0.04 0.07 0.04 0.05 0.05 

LM 0.04 0.04 0.04 0.04 0.04 

OR 0.23 0.47 0.33 0.47 0.42 

PR 0.37 0.76 0.49 0.63 0.69 
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Figure 4.29  Effect of PAC base material and particle size on reduction in HAA9 

formation potential in (a) CCR, (b) LM, (c) OR, and (d) PR. (S-)PAC dose = 15 mg/L. 

 

(a) (b) 

(c) (d) 
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Figure 4.29 shows the reduction in HAA9 formation potential as a result of treatment 

with the subset of (S-)PACs in each of the four waters.  In all four waters, S-A-1 was the 

most effective for HAA9 precursor removal and PAC C was the least effective.  PAC G and 

S-C-1 produced similar HAA9 precursor removals.  Although LM was the least amenable for 

HAA9 precursor removal compared to the other waters, the reduction in HAA9 formation 

potential ranged from ~9% with PAC C to ~30% with S-A-1.  The results suggest that the 

removal of HAA9 precursors from LM can be more readily achieved by (S-)PAC than the 

removal of TTHM precursors.  A similar statement can be made for CCR water (PAC G 

results being an exception), but not for OR and PR waters. 

In raw and (S-)PAC treated CCR and LM waters, dichloroacetic acid and 

trichloroacetic acid make up ~89% and ~96% of the HAA9 concentration, respectively 

(Table 4.12).  In contrast, dichloroacetic acid and trichloroacetic acid make up only ~66% 

and ~58% of the HAA9 concentration in raw OR and PR waters, respectively (Table 4.12). 

Moreover, the percentage of the dichloroacetic acid and trichloroacetic acid concentration 

was lower in treated OR and PR waters. Dichloroacetic acid and trichloroacetic acid made up 

~51% and ~46% of HAA9 in S-A-1 treated OR and PR waters, respectively.   These results 

can again be explained by the higher bromide/ DOC ratio of the raw OR and PR waters and 

the increase in bromide/DOC ratio that results from (S-)PAC treatment.  Similarly, the BIF 

(calculated from M HAA concentrations as described by Chellam 2008) was higher in 

treated OR and PR samples than in non-treated samples (Table 4.13).  

 

Table 4.12 Sum of dichloroacetic acid and trichloroacetic acid formation potentials as a 

percentage of HAA9 formation potential in four raw waters and in waters following 

treatment with four (S-)PACs.  (S-)PAC dose = 15 mg/L. 
 Non-Treated S-A-1 C S-C-1 G 

CCR 88.9 91.7 90.8 91.1 93.0 

LM 96.1 96.3 96.3 96.3 96.1 

OR 66.4 50.8 61.0 55.7 53.8 

PR 58.3 45.6 54.2 49.6 47.8 
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Table 4.13 Bromine incorporation factor for HAA9 in four raw water sources and in 

water following treatment with four (S-)PACs. (S-)PAC dose = 15 mg/L. 
 Non-Treated S-A-1 C S-C-1 G 

CCR 0.08 0.04 0.04 0.04 0.03 

LM 0.02 0.02 0.02 0.02 0.02 

OR 0.28 0.49 0.35 0.42 0.43 

PR 0.35 0.53 0.43 0.48 0.51 

 

The Stage 2 D/DBP Rule requires utilities to monitor the formation of HAA5 

(chloroacetic acid, dichloroacetic acid, trichloroacetic acid, bromoacetic acid, and 

dibromoacetic acid) rather than HAA9.  Because of the higher BIF  in OR and PR waters, 

considering the formation of HAA5 only accounts for ~74% and ~67% of the HAA9 formed 

in raw OR and PR waters, respectively (Table 4.14). In S-A-1 treated OR and PR waters, 

HAA5 made up only ~59% of the HAA9 concentration. 

 

Table 4.14 HAA5 formation potential as a percentage of HAA9 formation potential in 

four raw water sources and in waters following treatment with four (S-)PACs. (S-)PAC 

dose = 15 mg/L. 
 Non-Treated S-A-1 C S-C-1 G 

CCR 92.7 94.9 94.5 94.2 96.2 

LM 97.0 97.3 97.0 97.1 96.8 

OR 73.6 60.2 68.7 63.9 63.6 

PR 67.3 59.3 63.3 61.2 59.5 

 

Comparison of S-PAC and PAC for SMX Removal 

 

Results from batch kinetic tests evaluating SMX removal from CCR, LM, and PR 

waters with (S-)PACs S-A-1, C, S-C-1, and G are presented in Figure 4.30.  For these tests, 

the (S-)PAC dose was 15 mg/L and the ambient pH of each water source was not adjusted.  

The initial SMX concentration was 100 µg/L. Samples were taken after 2, 5, 10, 15, 30, 60, 

and 120 minutes.   

The two superfine PACs produced the highest SMX removal percentages, followed 

by PAC G and PAC C.  Similar trends and SMX removal percentages were obtained in each 
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water source.  For the S-PACs, ~95% to ~98% SMX removal was obtained in the different 

water sources with 15 mg/L S-A-1 and ~93% to ~98% with 15 mg/L S-C-1 after 60 minutes 

of contact.  In contrast, ~43% to ~48% SMX removal was obtained with 15 mg/L PAC C and 

~65% to ~67% with 15 mg/L PAC G after 60 minutes in the different water sources.   

 

   

 

Figure 4.30 Effect of PAC base material and particle size on SMX removal kinetics 

after (S-)PAC in (a) CCR, (b) LM, and (c) PR waters.  (S-)PAC dose = 15 mg/L. Initial 

SMX concentration = 100 µg/L. 

 

(a) 

(c) 

(b) 
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Comparison of S-PAC and PAC for MIB Removal 

 

 The subset of four (S-)PACs was also used to study MIB removal from one additional 

source water (LM), the water with the highest NOM content.  As shown in Figure 4.31, 

similar removal trends were found for MIB removal in CCR and LM waters.  The superfine 

version of the coconut shell-based PAC (S-A-1) achieved the highest removal followed by S-

C-1.  MIB removals were lower for carbons C and G.  MIB removal in LM water was lower 

than in CCR water.  A 15 mg/L dose of S-C-1 produced ~91% MIB removal after 60 minutes 

of contact time in CCR water.  In contrast, at the same dose and contact time S-C-1 achieved 

~79% MIB removal in LM water.  A possible explanation for the lower MIB removal in LM 

water is higher adsorption competition between NOM and MIB, which is plausible given the 

higher NOM concentration of LM water. 

 

  

Figure 4.31 Effect of PAC base material and size on MIB removal kinetics in (a) CCR 

and (b) LM water. Initial MIB concentration = 100 ng/L. 

 

(a) (b) 
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FACTORS AFFECTING NOM AND DBP PRECURSOR REMOVAL 

 

Batch kinetic tests were conducted with the thermally activated wood-based PAC (C) 

and its superfine version (S-C-1) in CCR water to determine the effects of the following 

factors on NOM and DBP precursor removal:  (i) solution pH and (ii) (S-)PAC dose.  In 

addition, batch tests were conducted to compare (S-)PAC performance in raw and coagulated 

CCR water. 

 

Effect of Solution pH  

  

To determine the effect of solution pH on NOM and DPB precursor removal with    

(S-)PACs, batch kinetic tests were conducted with a (S-)PAC dose of 15 mg/L at solution pH 

values of 5, 7, and 9.  The pH was adjusted from an ambient pH of 7 to pH 5 with a solution 

of sulfuric acid and to pH 9 with sodium hydroxide.  Samples were taken at 2.5, 5, 10, 15, 30, 

45, and 60 minutes and analyzed for DOC and UV254.  In addition,  TTHM and HAA9 

precursor removal was evaluated after a contact time of 60 minutes.  Additional samples 

were taken after 2 and 3 weeks of contact time to determine the effect of pH on adsorption 

equilibrium conditions. 

 

NOM Removal 

 

 The effect of solution pH on NOM removal kinetics with (S-)PAC is presented in 

Figures 4.32 and 4.33.  As shown in Figure 4.32, DOC removal decreased as pH increased 

from 5 to 7.  After 60 minutes of contact time, a 15 mg/L dose of PAC C achieved ~16% 

removal at pH 5 compared to ~10% removal at pH 7 and 9.  There was not a significant 

difference in DOC removal between pH 7 and 9.  The superfine version of PAC C (S-C-1) 

produced greater DOC removal after a contact time of 60 minutes; a 15 mg/L dose of S-C-1 

yielded ~28% removal at pH 5 compared to ~21% removal at pH 7 and 9.  A similar trend 
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was found for UV254 removal.  As seen in the previously discussed batch kinetic tests, UV254 

removal was higher than DOC removal (Figure 4.33).   

 

 

Figure 4.32 Effect of solution pH on DOC removal kinetics for carbons (a) C and (b) S-

C-1. Water = CCR.  (S-)PAC dose = 15 mg/L 

 

 
 

Figure 4.33 Effect of solution pH on UV254 removal kinetics for carbons (a) C and (b) S-

C-1. Water = CCR. (S-)PAC dose = 15 mg/L 

 

 

(a) (b) 

(a) (b) 
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Figures 4.34 and 4.35 show DOC and UV254 removal with carbons C and S-C-1 after 

contact times of 15 minutes, 60 minutes, 2 weeks, and 3 weeks, the latter two contact times 

representing equilibrium uptake capacities.  At a pH of 5, 15 mg/L of the as-received PAC C 

achieved ~25% DOC removal compared to ~30% DOC removal with S-C-1 after 2 and 3 

weeks of contact time.  As was the case at non-equilibrium conditions, NOM uptake at 

equilibrium decreased as pH increased from 5 to 7.  In addition, a consistent decrease in 

equilibrium NOM uptake was observed as the pH increased from 7 to 9, a result that differed 

from that obtained at non-equilibrium conditions.  At a pH of 9,  15 mg/L of the as-received 

PAC C achieved ~17% DOC removal compared to ~22% DOC removal with S-C-1 after 3 

weeks of contact time. UV254 removal results paralleled DOC removal results (Figure 4.35). 

 

 

Figure 4.34 Effect of solution pH on DOC removal after contact times of 15 minutes, 60 

minutes, 2 weeks, and 3 weeks for carbons (a) C and (b) S-C-1. Water = CCR. (S-)PAC 

dose = 15 mg/L 

 

(a) (b) 
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Figure 4.35 Effect of solution pH on UV254 removal after contact times of 15 minutes, 60 

minutes, 2 weeks, and 3 weeks for carbons (a) C and (b) S-C-1. Water = CCR.  (S-)PAC 

dose = 15 mg/L 

 

 

DBP Precursor Removal 

 

Batch tests were conducted to analyze THM and HAA precursor removal at pH 5, 7, 

and 9 after 60 minutes of contact with 15 mg/L (S-)PAC. The reduction in TTHM formation 

potential as a result of treatment with (S-)PAC is shown in Figure 4.36. There was a slight 

decrease in TTHM precursor removal as increase in solution pH increased.  After a contact 

time of 60 minutes with a (S-)PAC dose of 15 mg/L, carbons C and S-C-1 reduced TTHM 

formation potential by ~17% and ~48%, respectively, at a solution pH of 5.  In comparison, 

for the same (S-)PAC dose and contact time, TTHM precursor removal at pH 9 was ~10% 

for PAC C and ~22% for S-C-1.  Differences in treatment pH did not change the TTHM 

speciation.  Chloroform was the most dominant (~94-95%) THM analyte formed for each of 

the tests.   

 Figure 4.37 shows the reduction in HAA9 formation potential as a result of treatment 

with (S-)PAC.  In this study, the results were too variable to identify whether HAA9 

precursor removal by (S-)PAC adsorption is a function of solution pH. For PAC C, there was 

no significant change in HAA9 formation potential for treatment at pH values 5, 7, and 9 

(corresponding to ~15%, ~10%, and ~20% HAA9 precursor removal at pH 5, 7, and 9, 

(a) (b) 
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respectively).  For S-C-1, pH 7 appeared to be the most effective for HAA9 precursor 

removal (~32%). Mean HAA9 precursor percentages at pH 5 (~19%) and pH 9 (~14%) were 

lower than at pH 7, but standard deviations were too large to permit a conclusion about the 

effect of solution pH on HAA precursor removal. 

 

   

Figure 4.36  Effect of solution pH on TTHM precursor removal by (a) C and (b) S-C-1. 

(S-)PAC dose = 15 mg/L. Water = CCR. 

 

   

Figure 4.37  Effect of solution pH on HAA9 precursor removal by (a) C and (b) S-C-1. 

(S-)PAC dose = 15 mg/L. Water = CCR. 

 

(a) (b) 

(a) (b) 
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Effect of (S-)PAC Dose  

 

To determine the effect of (S-)PAC dose on NOM and DPB precursor removal, batch 

kinetic tests were conducted with in CCR water at (S-)PAC doses of 5 mg/L, 15 mg/L, 25 

mg/L, and 50 mg/L. The raw water pH was not adjusted.  

 

NOM Removal 

  

The effect of (S-)PAC dose on DOC removal kinetics is shown in Figure 4.38.  There 

was a clear increase in DOC removal as a result of an increase in (S-)PAC dose for both PAC 

C and S-C-1. A 5 mg/L dose and contact time of 60 minutes yielded ~4% and ~8% DOC 

removal for PAC C and S-C-1, respectively.  In comparison, a (S-)PAC dose of 50 mg/L at 

the same contact time yielded ~31% and ~47% DOC removal for PAC C and S-C-1, 

respectively.  Similar trends were found for UV254 removal as shown in Figure 4.39. 

After 2 and 3 weeks of contact time (equilibrium conditions) DOC uptake was greater 

than that obtained after 60 minutes (Figure 4.40).  A (S-)PAC dose of 5 mg/L achieved ~8% 

and ~10% DOC removal for PAC C and S-C-1, respectively (Figure 4.40).  In contrast, 50 

mg/L achieved ~52% and ~53% DOC removal for PAC C and S-C-1, respectively. Similar 

results were found for UV254 removal, as shown in Figure 4.41.  At the highest tested 

adsorbent dose of 50 mg/L, NOM uptake capacities were similar for PAC C and S-C-1.  This 

result differs from that obtained at lower adsorbent doses and may indicate that most of the 

adsorbable NOM was removed with an adsorbent dose of 50 mg/L. 

  



 

74 

  

Figure 4.38 Effect of (S-)PAC dose on DOC removal kinetics  for carbons (a) C and (b) 

S-C-1. Water = CCR. 

 

 

Figure 4.39 Effect of (S-)PAC dose on UV254 removal kinetics for carbons (a) C and (b) 

S-C-1. Water = CCR. 

 

 

(a) (b) 

(a) (b) 
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Figure 4.40 Effect of (S-)PAC dose on DOC removal after contact times of 15 minutes, 

60 minutes, 2 weeks, and 3 weeks for carbons (a) C and (b) S-C-1. Water = CCR. 

 

 

  

Figure 4.41 Effect of (S-)PAC dose on UV254 removal after contact times of 15 minutes, 

60 minutes, 2 weeks, and 3 weeks for carbons (a) C and (b) S-C-1. Water = CCR. 

 

(a) (b) 

(a) (b) 
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DBP Precursor Removal 

 

Batch tests were also conducted to determine the dependence of THM and HAA 

precursor removal on (S-)PAC dose. THM and HAA formation potentials were determined 

after 60 minutes of contact with (S-)PAC. As was the case with DOC and UV254 removal, 

DBP precursor removal increased with increasing (S-)PAC dose.  For TTHM precursors, a 5 

mg/L dose yielded negligible removal with PAC C and ~13% removal with S-C-1 (Figure 

4.42).  In contrast, a 50 mg/L dose yielded ~33% TTHM precursor removal with PAC C and 

~56% removal with S-C-1.  For HAA9 precursors, a 5 mg/L dose yielded negligible removal 

with PAC C and ~15% removal with S-C-1 (Figure 4.43).  In contrast, a 50 mg/L dose 

yielded ~39% HAA9 precursor removal with PAC C and ~52% with S-C-1.   

 

   

Figure 4.42  Effect of (S-)PAC dose on reduction in TTHM formation potential in (a) 

PAC C and (b) S-C-1. Water = CCR. 

  

(a) (b) 

Neg. 
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Figure 4.43  Effect of (S-)PAC dose on reduction in HAA9 formation potential in (a) 

PAC C and (b) S-C-1. Water = CCR. 

 

 

Effect of (S-)PAC on NOM and DBP Precursor Removal in Coagulated Water 

 

 Batch kinetic tests were completed in coagulated CCR water to evaluate the 

effectiveness of (S-)PAC to achieve NOM and DBP precursor removal in addition to that 

achieved by coagulation. To obtain coagulated CCR water, the jar test protocol outlined in 

Chapter 3 was followed.  Coagulation was conducted at a pH of 6.2 and a coagulant 

(aluminum sulfate) dose of 50 mg/L.   

 

NOM Removal 

 

Coagulating CCR water removed ~44% DOC and ~65% UV254 (data not shown).  

The additional DOC and UV254 removal that was obtained by (S-)PAC treatment of 

coagulated CCR water is shown in Figures 4.44 and 4.45, respectively.  For PAC C and S-C-

1, a 15 mg/L dose achieved ~18% and ~27% additional DOC removal, respectively.  

Although the adsorption kinetics increased with S-C-1, the adsorption capacity of S-C-1 did 

not increase in the coagulated CCR water (Figure 4.44).  The results for UV254 paralleled that 

of DOC removal (Figure 4.45). 

(a) (b) 
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Figure 4.44 DOC removal achieved with PAC C and S-C-1 in coagulated CCR water.  

Figure (a) shows DOC removal after contact times 2.5, 5, 10, 15, 30, 45, and 60 minutes 

and (b) after contact times of 15 minutes, 60 minutes, 2 weeks, and 3 weeks.   (S-)PAC 

dose = 15 mg/L. Water = Coagulated CCR. 

 

  

Figure 4.45 UV254 removal achieved with PAC C and S-C-1 in coagulated CCR water.  

Figure (a) shows UV254 removal after contact times 2.5, 5, 10, 15, 30, 45, and 60 minutes 

and (b) after contact times of 15 minutes, 60 minutes, 2 weeks, and 3 weeks.   (S-)PAC 

dose = 15 mg/L. Water = Coagulated CCR. 
 

(a) (b) 

(a) (b) 
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DBP Precursor Removal 

 

Batch tests were conducted to determine THM and HAA precursor removal by (S-) 

PAC from coagulated CCR water. DBP formation potential was measured after 60 minutes 

of contact with 15 mg/L (S-)PAC.  Coagulating CCR water alone removed ~62% of TTHM 

and ~65% of HAA9 precursors (Figure 4.46).  A 15 mg/L dose of PAC C removed an 

additional ~11% of TTHM and ~9% of HAA9 precursors.  Moreover, a 15 mg/L dose of S-

C-1 removed an additional ~27% of TTHM and ~17% of HAA9 precursors beyond the 

removal obtained by coagulation alone. Thus, the combination of coagulation and S-C-1 

addition yielded ~89% TTHM and ~80% HAA9 precursor removal.  The combination of 

enhanced coagulation and PAC addition has been evaluated in previous studies and has been 

found to be an effective treatment technique for DBP precursor removal (Kristiana, Joll,  

Heitz 2011). 

 

 

Figure 4.46 Reduction in (a) TTHM and (b) HAA9 formation potential following 

coagulation and coagulation followed by treatment with PAC C and S-C-1.  (S-)PAC 

dose = 15 mg/L. Water = Coagulated CCR. 
 

  

  

 

 

(a) (b) 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 
 

 

The principal objective of this research was to assess the effectiveness of superfine 

powdered activated carbon (S-PAC) for the combined removal of disinfection by-product 

(DBP) precursors and trace organic pollutants (2-methylisoborneol and sulfamethoxazole). 

The two classes of DBPs studied were the trihalomethanes (THMs) and the haloacetic acids 

(HAAs).  Experiments evaluating DBP precursor and trace organic pollutant removal were 

conducted with five traditionally sized as-received powdered activated carbons (PAC) that 

were prepared from different base materials (bituminous coal, coconut shell, lignite, wood) 

and activation methods (chemical, thermal).  Each of the five as-received PAC was ground 

into two superfine versions using a wet-milling technique.  In addition, experiments were 

conducted with three smaller sized as-received PACs.  Raw water from four utility 

participants were used in this study: Colorado Springs Utilities (CR, Colorado Springs, CO), 

Louisville Water Company (OR, Louisville, KY), Manatee County Utility Department (LM, 

Bradenton, FL), and Orange Water and Sewer Authority (CCR, Carrboro, NC). Furthermore, 

coagulated CCR water was used to evaluate PAC/S-PAC effectiveness for additional NOM 

and DBP precursor removal. 

 

EFFECT OF PAC TYPE ON NOM, DBP PRECURSOR, AND TRACE ORGANIC 

POLLUTANT REMOVAL 

 

Batch kinetic tests were conducted in CCR water to determine which (S-)PACs were 

most effective for NOM, DBP precursor, and trace organic pollutant removal.  From these 

tests, it was decided to study a subset of (S-)PACs in more detail: S-A-1, C, S-C-1, and G.  

Table 5.1 presents a summary of the DOC, UV254, TTHM precursor, HAA9 precursor, MIB, 

and SMX removal achieved with each (S-)PAC in CCR water. 

 For the traditionally sized as-received PACs, 15 mg/L of the coconut shell-based 

PAC produced the lowest removals of DOC (~4%), UV254 (~5%), SMX (~22%), MIB 
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(~33%), TTHM precursors (~5%), and HAA9 precursors (negligible) after 60 

minutes of contact time. For the same PAC dose and contact time, the chemically 

activated wood-based PAC produced the highest THM and HAA precursor removals 

(16 and 28%, respectively). In contrast, the thermally activated wood-based PAC 

produced the highest trace organic pollutant removals (69% MIB, 57% SMX for a 15 

mg/L dose after 60 minutes of contact time). 

 Among all as-received PACs, 15 mg/L of the smaller-sized PAC G consistently 

produced the highest DOC (~22%), UV254 (~31%), SMX (78%), TTHM precursor 

(~32%), and HAA9 precursor (~25%) removal after 60 minutes of contact time.  . For 

MIB, PAC G was the second-most effective among all as-received PACs with 58% 

removal.   

 Among the S-PAC-1 versions, 15 mg/L of the coconut shell (S-A-1) and chemically 

activated wood (S-D-1) based S-PACs produced the highest DOC (~28% and ~27%), 

UV254 (~39% and ~39%), TTHM precursor (~34% and ~35%), and HAA9 precursor 

(~42% and ~37%) removals after 60 minutes of contact time.   

 For the S-PAC-2 versions, 15 mg/L of the chemically activated wood-based S-D-2 

produced among the highest DOC (~28%), UV254 (~38%), TTHM precursor (~34%), 

and HAA9 precursor (~40%) removals.  

 The chemically activated wood-based S-PACs (S-D-1 and S-D-2) did not perform 

well for MIB and SMX removal.  The thermally activated wood-based  (S-C-1 and S-

C-2) and coconut shell-based (S-A-1 and S-A-2) S-PACs produced the highest MIB 

(~89%) and SMX (~97%) removals with a 15 mg/L dose after 60 minutes of contact 

time.  

 

EFFECT OF PAC TYPE ON NOM, DBP PRECURSOR, AND TRACE ORGANIC 

POLLUTANT REMOVAL FROM ADDITIONAL WATER SOURCES 

 

 Batch kinetic tests were conducted in four drinking water source waters (CCR, LM, 

OR, PR) to evaluate DOC, UV254, TTHM precursor, and HAA9 precursor removal with a 
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subset of four (S-)PACs.  The subset of four (S-)PACs was chosen based on NOM, DBP 

precursor, and trace organic pollutant removal results from batch kinetic tests conducted in 

CCR water.  Tables 5.2, 5.3, and 5.4 present a summary of the DOC, UV254, TTHM 

precursor, HAA9 precursor, MIB, and SMX removals achieved with the subset of (S-)PACs 

in each water source. 

 OR water was found to be the most amenable for DOC and UV254 removal after a (S-) 

PAC contact time of 60 minutes (Table 5.3). 

 Although LM was the least amenable for DOC and UV254 removal on a percent 

removal basis, it produced the highest DOC mass loadings among the tested waters.   

 For TTHM precursors, the removal with 15 mg/L S-A-1 ranged from negligible in 

LM water (Table 5.2) to ~49% in PR water (Table 5.4) after a contact time of 60 

minutes, indicating that the NOM concentration and characteristics greatly influence 

the ability of (S-)PACs to remove TTHM precursors.   

 In raw OR and PR waters, the bromine incorporation factor (BIF) for both THMs and 

HAAs was higher than in raw CCR and LM waters. Upon (S-)PAC treatment of OR 

and PR waters, the BIF increased further because of the selective removal of DOC 

over bromide. 

 

FACTORS AFFECTING NOM AND DBP PRECURSOR REMOVAL 

 

Batch kinetic tests were conducted with the thermally activated wood-based PAC and 

its superfine version (S-C-1) in CCR water to determine the effects of the following factors 

on NOM and DBP precursor removal:  (i) solution pH and (ii) (S-)PAC dose.  In addition, 

batch tests were conducted to compare (S-)PAC performance in raw and coagulated CCR 

water. Tables 5.5 to 5.7 summarize the resulting DOC, UV254, TTHM precursor, and HAA9 

precursor removals. 

 An increase in pH was found to decrease DOC, UV254, and TTHM precursor removal. 

At pH 5, 15 mg/L of S-C-1 produced ~28% DOC, ~39% UV254, and ~48% TTHM 

precursor removal after 60 minutes of contact time.  In contrast, 15 mg/L of S-C-1 at 
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a solution pH of 9 produced ~22% DOC, ~25% UV254, and ~22% TTHM precursor 

removal after 60 minutes of contact time.  No conclusion could be made on the effect 

of pH on HAA precursor removal.  (Table 5.5) 

 An increase in (S-)PAC dose was found to linearly increase DOC, UV254, TTHM 

precursor, and HAA9 precursor removal. A 5 mg/L dose of S-C-1 removed ~8% 

DOC, ~13% UV254, ~13% TTHM precursors, and ~15% HAA9 precursors after 60 

minutes of contact time.  In contrast, a 50 mg/L dose of S-C-1 produced ~47% DOC, 

~53% UV254, ~56% TTHM precursors, and ~52% HAA9 precursor removal after 60 

minutes of contact time  (Table 5.6).  

 Additional NOM and DBP precursor removal was observed in coagulated water.  

Coagulation alone removed ~44% DOC, ~65% UV254, ~62% TTHM precursors, and 

~65% HAA9 precursors. A 15 mg/L dose of S-C-1 achieved an additional ~27% 

DOC, ~36% UV254, ~27% TTHM precursor, and ~17% HAA9 precursor removal 

after 60 minutes of contact time (Table 5.7). 

 

The most important finding of this research was that a moderate dose of coconut shell 

and wood-based S-PAC (15 mg/L) achieved meaningful levels of NOM and DBP precursor 

removal.  In addition, the S-PACs prepared from coconut shell and thermally activated 

wood-based PACs were very effective for the removal of the trace organic probe compounds 

MIB and SMX. The increased DBP precursor removal effectiveness of superfine PACs was 

likely a result of their higher mesopore volume (higher NOM adsorption capacity, faster 

adsorption kinetics) and smaller particle size (faster adsorption kinetics).  The THM and 

HAA precursor removals obtained with the most effective S-PACs are expected to be 

sufficiently high enough to provide utilities with a potentially cost effective option for 

achieving compliance with the Stage 2 D/DBP Rule. 
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Table 5.1 Summary table of batch kinetic tests in CCR water 
BASE 

MATERIAL 
(S-) PAC 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 15 min 60 min 

Coconut shell A 2.4 % 4.3 % 5.0 % 5.0 % 5.0 % Negligible 19.4% 33.5% 13.2% 21.7% 

S-A-1 25.3 % 28.3 % 35.5 % 39.3 % 33.6 % 41.2 % 93.8% 94.3% 97.1% 97.6% 

S-A-2 23.1 % 24.9 % 31.7 % 33.7 % 37.2 % 28.0 % 92.3% 93.8% 96.9% 97.7% 

Lignite coal B 6.7 % 7.9% 9.1 % 11.8 % 14.0 % 24.6 % 28.6% 40.2% 29.6% 40.1% 

S-B-1 14.1 % 15.5% 23.2 % 25.8 % 22.7 % 24.9 % 50.3% 50.9% 78.8% 81.5% 

S-B-2 15.0 % 17.0% 23.4 % 23.9 % 27.1 % 25.3 % 51.9% 53.5% 75.2% 78.7% 

Wood C 7.7 % 10.0 % 11.5 % 16.9 % 10.2 % 10.0 % 48.7% 69.3% 39.7% 57.4% 

S-C-1 19.4 % 20.1 % 28.5 % 31.1 % 21.2 % 32.1 % 88.3% 90.6% 98.7% 99.2% 

S-C-2 24.2 % 23.6 % 38.7 % 39.0 % 28.0 % 43.1% 87.3% 88.9% 96.1% 97.0% 

Wood D 7.6 % 11.4 % 12.8% 16.1 % 16.2 % 27.9 % 40.5% 53.4% 23.0% 27.5% 

S-D-1 24.3 % 26.5 % 38.7 % 38.8 % 35.1 % 37.0 % 63.0% 62.0% 35.0% 31.8% 

S-D-2 26.4 % 27.9 % 37.9 % 38.3 % 33.6 % 40.1 % 70.1% 69.9% 42.8% 39.8% 

Bituminous 

coal 

E 4.5 % 5.6 % 6.8 % 8.0 % 5.8 % Negligible 33.8% 50.2% 21.8% 35.1% 

S-E-1 16.9 % 19.4 % 27.3 % 30.2 % 10.4 % 15.6 % 63.5% 65.1% 72.1% 75.1% 

S-E-2 21.8 % 23.5 % 36.8 % 37.8 % 30.2 % 29.1 % 51.4% 51.8% 87.4% 88.0% 

Lignite coal F 11.4 % 13.6 % 17.5 % 23.3 % 26.2 % 15.7 % 25.5% 35.2% 48.0% 61.9% 

Proprietary G 17.3 % 22.2 % 24.1 % 30.7 % 32.0 % 24.7 % 45.6% 57.9% 61.2% 77.6% 

Proprietary H 7.9 % 10.8 % 13.9 % 14.6 % 7.8 % 24.7 % 24.2% 44.1% 39.1% 56.0% 



 

85 

Table 5.2 Summary table of batch kinetic tests in LM water 

BASE 

MATERIAL 
(S-) PAC 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 15 min 60 min 

Coconut shell S-A-1 8.7 % 9.8 % 10.0 % 11.7 % 5.7 % 29.7 % 81.6% 84.3% 97.6% 98.3% 

Wood C 3.4 % 3.5 % 3.1 % 2.8 % 4.7 % 8.9 % 40.3% 53.9% 31.5% 48.3% 

Wood S-C-1 6.3 % 6.8 % 7.5 % 7.9 % 9.8 % 18.3 % 72.5% 78.6% 97.1% 98.4% 

Proprietary G 6.3 % 6.7 % 6.6 % 7.7 % 5.7 % 10.1 % 53.7% 62.5% 49.4% 66.7% 

 

Table 5.3 Summary table of batch kinetic tests in OR water 

BASE 

MATERIAL 
(S-) PAC 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 15 min 60 min 

Coconut shell S-A-1 35.0 % 36.4 % 45.0 % 46.3 % 41.3 % 40.2 % NT NT NT NT 

Wood C 12.7 % 17.7 % 13.4 % 19.5 % 21.8 % 26.4 % NT NT NT NT 

Wood S-C-1 26.6 % 29.5 % 37.1 % 40.4 % 47.5 % 33.7 % NT NT NT NT 

Proprietary G 22.9 % 30.0 % 35.6 % 43.0 % 32.1 % 37.9 % NT NT NT NT 

 

Table 5.4 Summary table of batch kinetic tests in PR water 

BASE 

MATERIAL 
(S-) PAC 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 15 min 60 min 

Coconut shell S-A-1 25.0 % 27.5 % 37.1 % 45.5 % 48.8 % 40.7 % NT NT 94.5 % 95.2 % 

Wood C 9.3 % 12.4 % 12.6 % 22.9 % 28.7 % 21.2 % NT NT 31.6 % 43.4 % 

Wood S-C-1 20.2 % 19.3 % 29.3 % 37.5 % 49.0 % 33.6 % NT NT 89.0 % 93.2 % 

Proprietary G 18.8 % 22.2 % 35.1 % 40.6 % 50.9 % 33.5 % NT NT 48.0 % 65.4 % 
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Table 5.5 Summary table of batch kinetic tests in CCR water at different solution pHs  

 

Table 5.6 Summary table of batch kinetic tests in CCR water with different (S-)PAC doses 

BASE 

MATERIAL 
(S-)PAC pH 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 60 min 60 min 

Wood C 5 12.5 % 15.8 % 13.5 % 19.0 % 16.7 % 15.2 % NT NT NT NT 

7 7.7 % 10.0 % 11.5 % 16.9 % 10.2 % 10.0 % NT NT NT NT 

9 7.5 % 10.1 % 8.1 % 12.6 % 9.5 % 19.7 % NT NT NT NT 

Wood S-C-1 5 26.8 % 28.0 % 35.0 % 38.6 % 48.1 % 19.4 % NT NT NT NT 

7 19.4 % 20.1 % 28.5 % 31.1 % 21.2 % 32.1 % NT NT NT NT 

9 19.7 % 21.5 % 23.9 % 25.4 % 22.0 % 13.8 % NT NT NT NT 

BASE 

MATERIAL 
(S-)PAC Dose 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 
60 

min 
15 min 60 min 

Wood C 5 2.7 % 3.9 % 2.4 % 4.5 % Negligible Negligible NT NT NT NT 

15 7.7 % 10.0 % 11.5 % 16.9 % 10.2 % 10.0 % NT NT NT NT 

25 9.6 % 13.8 % 19.0 % 21.1 % 13.8 % 20.9 % NT NT NT NT 

50 22.0 % 31.1 % 33.7 % 37.1 % 32.6 % 38.6 % NT NT NT NT 

Wood S-C-1 5 7.7 % 7.7 % 8.2 % 13.1 % 12.9 % 15.4 % NT NT NT NT 

15 19.4 % 20.1 % 28.5 % 31.1 % 21.2 % 32.1 % NT NT NT NT 

25 26.7 % 30.3 % 33.0 % 39.7 % 25.8 % 36.2 % NT NT NT NT 

50 43.5 % 46.5 % 47.4 % 52.9 % 55.9 % 52.0 % NT NT NT NT 
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Table 5.7 Summary table of batch kinetic tests in coagulated CCR water 

 

 

 

 

BASE 

MATERIAL 
(S-)PAC 

DOC UV254 TTHM HAA9 MIB SMX 

15 min 60 min 15 min 60 min 60 min 60 min 15 min 60 min 15 min 60 min 

Wood C 13.5 % 18.3 % 14.3 % 23.8 % 10.6 % 9.2 % NT NT NT NT 

Wood S-C-1 25.9 % 27.1 % 34.5 % 35.9 % 26.6 % 16.8 % NT NT NT NT 
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APPENDIX A. COMPARISON OF OXYGEN CONTENT AND NOM AND DBP 

PRECURSOR REMOVAL 

 

 

Figure A.1 Relationship between DOC removal and oxygen content. Water = CCR. (S-) 

PAC dose = 15 mg/L. 

 

 

Figure A.2 Relationship between UV254 removal and oxygen content. Water = CCR. (S-) 

PAC dose = 15 mg/L. 
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Figure A.3 Relationship between TTHM precursor removal and oxygen content. Water 

= CCR. (S-)PAC dose = 15 mg/L. 

 

 

Figure A.4 Relationship between HAA9 precursor removal and oxygen content. Water 

= CCR. (S-)PAC dose = 15 mg/L. 

 

 


