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Monochloramine reduction in fixed-bed reactors (FBRs) was quantified using five 

types of granular activated carbon (GAC) and two background waters (Lake Austin 

water, LAW, and synthetic organic-free nutrient water, NW). For a given set of influent 

conditions, steady-state was reached following a period of higher removal. Steady-state 

monochloramine reduction varied with GAC type and source water characteristics. 

Steady-state monochloramine reduction was simulated for GAC particle sizes 

used in practice for each condition studied in the FBR studies. A previously developed 

numerical model was used for this purpose. For typical drinking water conditions, steady-

state simulations indicated that less than 7 minutes of empty-bed contact time was 

required to meet the monochloramine standard for kidney dialysis water (0.1 mg/L as 

Cl2) with Calgon Centaur, the most effective GAC in the LAW studies. The use of more 

traditional GACs like Filtrasorb 400 may be feasible despite a required EBCT as large as 
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20 minutes, provided that benefits gained by steady-state operation (i.e., never having to 

replace filter media) outweigh filter size and portability considerations. 

While more monochloramine was reduced at steady-state using NW compared to 

LAW for each GAC and empty-bed contact time studied, the differences in removal 

varied considerably among the GACs tested. The degree of interference caused by natural 

organic matter (NOM) increased with increasing GAC surface area contained within 

pores greater than 2 nm in width. Acid/base and electrostatic properties of the GACs 

were not found to be significant in terms of NOM uptake, which indicated that size 

exclusion effects of the GAC pores overwhelmed the impact of GAC surface chemistry. 

Therefore, selection of GAC to limit the impact of NOM should be based on pore size 

distribution alone, with the impact of NOM decreasing with decreasing meso- and 

macroporosity. 

While all GACs showed intrinsic catalytic capability for monochloramine 

destruction, GACs with low oxygen to carbon ratios and high nitrogen to carbon ratios 

generally performed better. The presence of lactams and imides were found on all the 

virgin GACs and shown to have formed as a result of monochloramine reduction, 

indicating the importance of these functional groups in this process. 
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CHAPTER 1:  Introduction 

1.1.   PROBLEM STATEMENT 

Many water utilities use monochloramine to avoid excessive disinfection 

byproduct (DBP) formation. However, monochloramine removal is needed for 

applications such as the production of water for kidney dialysis, soft drink manufacturing, 

and fishery operations (Komorita & Snoeyink, 1985). Additionally, a novel approach to 

remove trihalomethanes (THMs), a substantial fraction of DBPs, by cometabolism in 

nitrifying biofilters is currently being investigated by another researcher at the University 

of Texas at Austin (Wahman et al., 2005). To establish conditions suitable for growth of 

nitrifying bacteria while maintaining upstream disinfection monochloramine may need to 

be removed at the head of the filter. 

This research is intended to assess the feasibility of using GAC to remove 

monochloramine under drinking water treatment plant conditions. It is intended that the 

results from this research could be used to select GACs for monochloramine removal, 

design treatment strategies for intended applications, and provide a framework from 

which to tailor physical and chemical GAC properties for enhanced monochloramine 

removal. Additionally, this research might give insights to water utilities that add 

powdered activated carbon (PAC) for taste and odor control. These utilities likely want to 

minimize monochloramine reduction, and as such, appropriate selection of PAC might 

reduce chlorine demand. 

1.2.   PRESENT STATE OF KNOWLEDGE 

Chemical reduction of free and combined chlorine by activated carbon has been 

investigated extensively (Bauer & Snoeyink, 1973; Kim, 1977; Suidan et al., 1977a; 
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Suidan et al., 1977b; Kim et al., 1978a; Kim et al., 1978b; Kim & Snoeyink, 1980a; Kim 

& Snoeyink, 1980b; Komorita & Snoeyink, 1985; Voudrias et al., 1985). Kim (1977) 

demonstrated that monochloramine reactions with activated carbon in fixed-bed reactor 

(FBR) effluents reached steady-state following a period of higher removal for a given set 

of influent conditions (monochloramine influent concentration, activated carbon particle 

size, and contact time). This result is appealing for many applications because steady-

state operation would eliminate the need to replace or regenerate the GAC. Kim (1977) 

developed a finite element model, with pore diffusion as the rate-limiting mechanism, to 

facilitate estimates of steady-state monochloramine reduction in FBRs for activated 

carbon particle sizes used in practice based on laboratory-scale results with much smaller 

particles. Using this model, Komorita and Snoeyink (1985) showed that impractically 

large contact times (or bed depths) would be required to meet the monochloramine 

standard for kidney dialysis water (0.1 mg/L as Cl2) under steady-state operation. 

However, while Snoeyink and co-workers postulated that activated carbon 

properties could substantially impact performance, they did not fully investigate this 

possibility. Since the time of these studies, activated carbons have been developed with 

enhanced catalytic properties. Using a process for enhancing catalytic properties 

developed by Chou (1986), Matviya and Hayden (1994) produced a coal-based activated 

carbon called Centaur (Calgon Carbon Corporation, Pittsburgh PA) and, more recently, 

Baker and Byrne (2004) produced a wood-based activated carbon called AquaGuard 

(MeadWestvaco, Stamford CT). Experimental results (Baker & Byrne, 2004) showed that 

AquaGuard reduced monochloramine faster than Centaur in batch tests with virgin 

activated carbons on a mass and volume basis. However, neither Centaur nor AquaGuard 

have been evaluated in terms of monochloramine reduction at steady-state in fixed bed 

reactors. Thus, it is not known how well these activated carbons perform compared to 
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those used in previous dechlorination work, such as Filtrasorb 400 (F400). Further, the 

impact of water characteristics, such as pH and the presence of natural organic matter, 

have not been quantified, and physical and chemical properties of activated carbon for 

monochloramine reduction in natural waters are not well understood. This research is 

intended to address these gaps. 

1.3.   OBJECTIVES 

The objectives of this research were to (1) quantify steady-state monochloramine 

reduction in fixed-bed reactors using several types of GAC, (2) estimate steady-state 

monochloramine reduction in full-size drinking water filters so that the feasibility of 

potential applications (THM cometabolism, kidney dialysis, etc.) could be assessed, and 

(3) develop a fundamental understanding of how the physical and chemical properties of 

GAC should be tailored for enhanced removal of monochloramine in natural waters. 

1.4.   APPROACH 

Three principal tasks were undertaken to accomplish the research objectives:  

1. Steady-state monochloramine reduction in laboratory-scale fixed-bed 

reactors was quantified with five types of activated carbon (AquaGuard, 

Centaur, F400, and two others) using two background waters (lake water, 

which contained natural organic matter, and a synthetic organic-free 

water). 

2. Simulations of steady-state monochloramine reduction for GAC particle 

sizes used in practice were made for each condition evaluated in Task 1. 

The numerical model of Kim (1977) was used for this purpose. 

Simulation results were used to assess the feasibility of the selected 
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activated carbons for various applications that required monochloramine 

removal. 

3. Physical properties (surface area, pore volume, and pore size distribution) 

of the activated carbons were quantified. Chemical properties (elemental 

composition, nature of surface functional groups, and electrostatic 

properties) of the virgin GACs and those from the FBR studies were 

determined. The system-level results from Task 1 were compared to these 

molecular-level results to infer GAC properties for enhanced 

monochloramine reduction. 

 

The remainder of this dissertation is divided into a literature review (Chapter 2), 

experimental methodology and analytical procedures (Chapter 3), a presentation of 

results and discussion (Chapter 4), and lastly, conclusions of this research and 

recommendations for future study (Chapter 5).
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CHAPTER 2:  Literature Review 

2.1.   OVERVIEW 

Pertinent literature was synthesized to provide a framework for developing a 

research plan to evaluate the factors influencing monochloramine reduction by GAC in 

fixed-bed reactors (FBRs). The topics addressed include monochloramine chemistry, 

monochloramine destruction with GAC, numerical modeling of monochloramine-GAC 

systems in FBRs, and activated carbon surface chemistry in terms of the NOM uptake 

and catalytic functionality. 

To perform the fixed-bed reactor (FBR) studies, a stable monochloramine influent 

concentration was required over the pH range typical for chloramination (pH 7 to 9) with 

lake water, which contained natural organic matter (NOM), and organic-free water. 

Therefore, monochloramine formation, speciation, and stability is discussed in terms of 

relevant water characteristics such as chlorine-to-nitrogen (Cl2:N) ratio, pH, and NOM 

content. The current state of knowledge regarding monochloramine reactions with 

activated carbon is summarized and FBR hydrodynamics are presented to form a basis 

for column design and operation. A previously developed numerical model is reviewed to 

determine whether it would serve as an appropriate tool to make performance predictions 

of monochloramine reduction with GAC particle sizes used in practice based on 

laboratory-scale FBR studies with much smaller particles. 

The hypothesis guiding this research is that physical and chemical properties of 

activated carbon control performance in the FBR studies. Techniques used to determine 

activated carbon porosity and surface chemistry are therefore presented and activated 

carbon catalytic properties and those relevant to NOM uptake are detailed. 
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2.2.   CHLORAMINE CHEMISTRY 

2.2.1.   Physical and chemical properties 

The molecular dimensions of monochloramine (NH2Cl) were calculated using 

ChemSketch software version 5.12 (Advanced Chemistry Development Inc., Toronto, 

Canada) and are presented in Figure 2-1. Based on these simulations, the 

monochloramine molecule is approximately 5.3 Å long, 4.0 Å wide, and 3.6 Å deep. 

Selected physical and chemical properties of monochloramine are given in Table 2-1. 

 

 

Figure 2-1. Molecular structure on monochloramine (NH2Cl) calculated using 
ChemSketch version 5.12. 
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Table 2-1. Physical and chemical properties of monochloramine 

Property Comment 
Chemical formula NH2Cl 
Molecular weight 51.48 g/mol 

Color Yellow (liquid) 
Physical state (25°C and 1 atm) Liquid 

Melting point -66°C 
Solubility in water Highly Soluble 

 

2.2.2.   Formation and speciation 

Chloramine chemistry has been studied extensively over the past several decades. 

In the presence of ammonia (NH3) or ammonium ion (NH4
+), hypochlorous acid (HOCl) 

and hypochlorite ion (OCl-) (collectively referred to as free chlorine) react in a stepwise 

manner to form chloramines as depicted in the following reaction sequence (Bauer & 

Snoeyink, 1973): 

OHClNHHOClNH 223 +=+  or ++ ++=+ HOHClNHHOClNH 224  (2-1) 

OHNHClHOClClNH 222 +=+  (2-2) 

OHNClHOClNHCl 232 +=+  (2-3) 

The reaction products – monochloramine (NH2Cl), dichloramine (NHCl2), and 

nitrogen trichloride or trichloramine (NCl3) – contribute to the total (or combined) 

chlorine residual. Chloramine speciation depends primarily on the solution pH and the 

chlorine to nitrogen (Cl2:N) ratio. The formation of dichloramine and nitrogen trichloride 

in drinking water is undesirable because these compounds impart a disagreeable taste at 

concentrations above 0.8 and 0.2 mg/L as Cl2, respectively (Wolfe et al., 1984). In 

general, monochloramine is dominant at pH values greater than 7, dichloramine becomes 
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dominant between pH 4.5 to 5.0, and nitrogen trichloride is the dominant species below 

pH 4 (Pressley et al., 1972). 

At sufficiently high chlorine doses, ammonia is completely oxidized to nitrate and 

nitrogen gas. This breakpoint dose denotes the amount of chlorine that must be added to 

water before a stable free chlorine (HOCl + OCl-) residual can be obtained. 

Stoichiometrically, ammonia oxidation by monochloramine to nitrogen gas requires a 

Cl2:N mass ratio of 7.6:1. However, in practice a Cl2:N dose as high as 15 may be needed 

to achieve breakpoint due to demands exerted by reduced inorganic and organic species 

(American Water Works Association, 1999). A typical breakpoint chlorination curve is 

shown in Figure 2-2. 

 

Figure 2-2. Typical breakpoint chlorination curve (adapted from SolarBee (2005)) 
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Utilities using chloramines for disinfection control typically use Cl2:N ratios ranging 

from 3 to 5 on a mass basis because this is a stable regime for monochloramine 

formation. At lower doses, while monochloramine is very stable, excess free ammonia 

may lead to proliferation of nitrifying bacteria, while at higher doses, monochloramine 

becomes unstable and malodorous dichloramine is present in significant quantities even 

around neutral pH values. As the Cl2:N ratio increases from 3 to 5, as shown in Figure 

2-2, the increase in monochloramine is accompanied by a concomitant decrease in free 

ammonia concentration. A target Cl2:N mass ratio of 4:1 was selected for experiments in 

this work to assess monochloramine destruction on activated carbon. This ratio is 

commonly used by chloramination utilities (American Water Works Association, 1999), 

and is most suitable for this work as it allows for greatest flexibility in terms of allowing 

for imperfections in the column system setup (pulsing nature of the feedstock pumps, and 

deterioration of feed tubing and stock concentrations) while consistently forming only 

monochloramine. 

2.2.3.   Stability and fate in natural systems 

Chloramines are inherently unstable, and auto-decompose by a complex set of 

reactions that result in the oxidation of ammonia and the reduction of active chlorine 

(Vikesland et al., 2001). In the absence of natural organic matter (NOM), 

monochloramine decomposition yields equal amounts of ammonia and nitrogen gas 

which together account for approximately 90% of the nitrogen mass balance. In the 

presence of NOM, Vikesland et al. (1998) found increased ammonia and nitrate and 

decreased nitrogen gas and postulated that NOM acts as a reductant in natural systems. 

The authors concluded that adding excess ammonia after monochloramine formation, 

increasing pH, and decreasing NOM concentration enhanced monochloramine stability. 
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Monochloramine auto-decomposition has been shown to be catalyzed by 

phosphate, sulfate, carbonate, and possibly silicate (Valentine & Jafvert, 1988). Jafvert 

and Valentine (1992) showed that lower Cl2:N ratios and higher pH (over the range of 6.6 

to 8.3) yielded more stable disinfectant residual and the overall rate of chloramine loss in 

the neutral pH range is primarily limited by the rate of dichloramine formation. Once 

dichloramine forms it decomposes via a series of rapid redox reactions that yield 

ammonia, chloride, and nitrogen gas. Both nitrate and bromide can exert a significant 

monochloramine demand at levels at or above 0.5 mg/L. In addition, the presence of 

Fe(II) can enhance monochloramine decomposition, especially below pH 7 (Vikesland & 

Valentine, 2002a; Vikesland & Valentine, 2002b). These authors showed 

monochloramine auto-decomposition reactions were significant over the period of hours 

(time scales typical in distribution systems) for conditions typical in chloramination. 

For the FBR studies in this research, a stable monochloramine influent 

concentration was required. Given that monochloramine formation and stability is a 

function of pH, NOM content, and the concentration of reduced inorganics, the amount of 

applied free chlorine and ammonia required to maintain a constant monochloramine 

influent concentration and Cl2:N ratio depends on the background water characteristics. 

The applied chlorine dose is typically higher than calculated based on stoichiometry and 

varies from one batch of water to the next. Given that monochloramine auto-

decomposition reactions are likely insignificant over the course of minutes, the non-

catalyzed disappearance of monochloramine in the fixed-bed reactor studies can safely be 

neglected since the time scales of the column studies are on the order of minutes (< 1.5 

minutes). 
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2.3.   ACTIVATED CARBON 

2.3.1.   Reactions with monochloramine 

For reactions between granular activated carbon (GAC) and monochloramine 

(NH2Cl), Bauer and Snoeyink (1973) noted that, while many authors reported significant 

destruction of chloramines with activated carbon, the distribution of ammonia versus 

nitrogen gas as end-products varied widely. They noted, however, that variables such as 

Cl2:N ratio and pH were not controlled and monitored completely in these studies. To 

resolve the issue of reaction product speciation for GAC-NH2Cl reactions, Bauer and 

Snoeyink (1973) performed controlled batch experiments where HOCl, NH2Cl, NHCl2, 

NCl3, total N(-III), and pH were monitored and concluded that the monochloramine 

reaction with fresh activated carbon likely took the form of: 
*

3
*

22 COClHNHCOHClNH +++→++ −+  (2-4) 

C* and CO* indicate the active site on the GAC and a surface oxide on the GAC, 

respectively. All reaction products except the surface oxides were measured, thus making 

their presence or that of CO or CO2 necessary from the standpoint of stoichiometry. By 

performing batch studies with both fresh and pretreated activated carbon, the authors 

found that, after the above reaction proceeded to a certain degree, the following reaction 

took place: 
*

22
*

2 222 CClHOHNCOClNH ++++→+ −+  (2-5) 

In this reaction, the nitrogen in monochloramine is oxidized to nitrogen gas while the 

active chlorine is reduced to chloride. Bauer and Snoeyink (1973) concluded that, during 

acclimation of the GAC, monochloramine is completely converted to ammonia, while 

nitrogen gas was formed only after significant amounts of acidic surface oxides (CO*) 

had accumulated on the carbon. 
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In an extension of this work, Kim (1977) studied GAC-NH2Cl reactions in FBRs 

and showed that steady-state was preceded by an initial period of higher removal for a 

given set of operating conditions. This result was expected based on a consideration of 

the two parallel reactions of monochloramine on GAC, one in which oxides are produced 

(equation 2-4) and the other in which oxides are consumed (equation 2-5). The authors 

quantified the effect of GAC particle size, monochloramine influent concentration, 

surface loading rate, and contact time. While Kim (1977) noted that GAC type and source 

water characteristics such as pH and organic matter content may be important, these 

effects were not explored fully. 

Suidan et al. (1977a) found the rate of reactions between free chlorine and GAC 

increased as the pH of the background water decreased. By using an experimentally 

verified kinetic model, this pH effect was attributed to the change in distribution of free 

chlorine between HOCl and OCl-. Kim et al. (1978b) showed the reaction rate of 

dichloramine with GAC was faster than that of HOCl and much faster than that of 

monochloramine. Given that Jafvert and Valentine (1992) determined that overall rate of 

chloramine loss in the neutral pH range is primarily limited by the rate of dichloramine 

formation, it is possible that chloramine speciation could make the monochloramine-

GAC reactions pH dependent. Alternatively, it is possible that surface functional groups 

(C*) that catalyze monochloramine reduction have pKa’s within the typical range for 

chloramination (pH 7 to 9), thus making the reactions pH dependent. 

No studies to date have addressed impact of organic matter on steady-state 

monochloramine reduction in FBRs. However, Komorita and Snoeyink (1985) evaluated 

the possibility of exploiting the higher removal that occurred prior to steady-state with 

tap water (3 mg/L TOC) and tap water amended with fulvic acid (7.5 mg/L TOC). The 
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fulvic acid reduced the service life in terms of monochloramine reduction, and indicated 

organic matter may be an important consideration for steady-state operation. 

2.3.2.   Packed-bed design 

Kim and Snoeyink (1980a) postulated that GAC-NH2Cl reactions likely take 

place in three steps: adsorption, surface reaction, and desorption. Before a compound, 

such as monochloramine, can react with a surface site on GAC, it must first diffuse from 

the bulk solution to the external surface of the GAC through the boundary layer 

surrounding the surface (Sontheimer et al. 1988). This process is referred to as external 

mass transfer or film diffusion. To reach a reaction site within the GAC pores, the target 

compound must then diffuse into the internal surfaces of the GAC particle. This process 

is known as internal mass transfer and can occur by diffusion into liquid-filled pores 

(pore diffusion) or along the walls of pores (surface diffusion) or both. 

Increasing mixing intensity (batch systems) or flow velocity (packed-bed 

reactors) decreases the boundary layer thickness around the solid particles and in turn 

decreases the external mass transport resistance. When further increases in stirring or 

flow velocity do not lead to significant changes in the effluent concentration-time curve, 

external mass transfer is negligible compared to internal mass transfer. In evaluating 

different types of GAC for removal of a given compound, it is useful to set the 

hydrodynamics of the system such that internal mass transport mechanisms govern. Kim 

and Snoeyink (1980a) showed that the assumption of negligible film resistance in their 

NH2Cl-GAC packed bed model was valid over the range of 2.4 to 22.0 m/hr [1 to 9 

gpm/ft2] for 12×20, 40×50, and 60×80 mesh Filtrasorb 400 (F400) activated carbon. 

A decrease in particle size (higher mesh size) increases the rate of mass transfer 

due to an increase in external surface area and a decrease in pore length (Kim et al., 
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1978a). However, smaller particles yield higher pressure drops across packed beds and 

thus a compromise must be reached for practical operation (Sontheimer et al., 1988). 

2.3.3.   Modeling 

Kim (1977) developed a numerical model to predict monochloramine removal for 

GAC particle sizes used in practice based on laboratory-scale results with much smaller 

particles. This monochloramine catalysis (MCAT)1 model was formulated based on pore 

diffusion as a rate-limiting mechanism, assuming that a GAC particle can be represented 

by a flat slab with sealed ends having straight cylindrical pores of diameter dp and length 

2Lp (Kim & Snoeyink, 1980a). The surface film effect was not included in the model 

since it was shown to be insignificant and the non-catalyzed disappearance of 

monochloramine was neglected because of the short residence time involved in the 

experiments. A mass balance on monochloramine in the pore phase at steady-state gave: 
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pξ
, at 0< ξ <1 (2-6) 

at ξ = 0, 0=
ξd

dC  

C is the concentration of monochloramine, t represents time, DC is the bulk diffusivity of 

the chlorine species (a function of water temperature), ξ is the reduced position variable 

measured from the center of the pore, and RC is the rate of monochloramine reaction on 

the surface. The term Lp, taken as one-sixth of the arithmetic mean of the particle size 

range, serves to represent an effective diffusional path length, thus allowing the model to 

incorporate effects of activated carbon particle size. The mass balance on the bulk fluid 

(ξ=1) at steady-state in a packed-bed reactor gives: 

 

                                                 
1 Note: The term MCAT was developed in this research and was not used by Kim and co-workers. 
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DA is an axial dispersion coefficient, Lb is the length of the packed-bed reactor, v is the 

average solution interstitial velocity, m is the mass of carbon per unit volume of reactor, ε 

is the reactor porosity, Vp is the pore volume of the carbon per unit mass, C0 is the 

influent monochloramine concentration, CB is the bulk monochloramine concentration, 

and α is the reduced position variable in the packed-bed reactor (inlet at α=1). 

The mass balance on the pore phase (equation 2-6) contains the following surface 

reaction expression, empirically derived by mimicking the dichloramine-GAC reaction 

that was formulated based on Langmuir-Hinshelwood kinetics: 
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At steady-state, the mass of monochloramine reacted per unit weight of carbon (Q) 

becomes large and thus the expression simplifies to: 
2

1
7 ⎟⎟
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=
fC

CfRC  (2-9) 

where f1 and f7 are rate constants determined by minimizing the sum of square residuals 

(SSR) between steady-state experimental data and the model generated fit, 

)1(
4

32
27 f

f
ff += , and C is the monochloramine concentration (mg/L as Cl2). 

Kim (1977) determined f1 through f6 from batch experiments using a 

quasilinearization technique in conjunction with a collocation method. Each of these 

constants needed to be determined as he was interested in modeling both non-steady state 
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and steady-state operation. In this research, however, only steady-state simulations were 

sought and therefore only f1 and f7 needed to be determined. A trial and error procedure 

was recommended by the developer of the model, Kim (2004), to determine f1 and f7 as 

values of f2 through f6 were not required. 

The partial differential equations of the MCAT model were reduced to a set of 

ordinary differential equations (ODEs) in time using an orthogonal collocation method. 

An ODE solver for stiff equations based on Gear’s Method was used to solve the 

equations (Gear, 1971). Using this model, Komorita and Snoeyink (1985) concluded that 

steady-state operation was not feasible (i.e., required excessively large contact times) for 

the production of water for kidney dialysis, where the monochloramine concentration 

standard was 0.1 mg/L as Cl2. 

2.3.4.   Physical characterization of activated carbon 

From a physical perspective, the hypothesis guiding this research is that, as the 

surface area contained within pores compatible with monochloramine increases so does 

monochloramine catalysis. Based on the physical size of the monochloramine molecule 

(Figure 2-1), pores less than 0.5 nm in width presumably contributed little to 

monochloramine catalysis because of diffusional limitations. Porous solids, like activated 

carbon, are most often characterized through determination of specific surface area, pore 

size distribution, and pore volume, all of which can be determined through analysis of 

adsorption isotherms. Porosity is classified by the IUPAC-accepted criteria (Table 2-2). 
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Table 2-2. IUPAC pore size classification criteria 

Pore type Pore diameter, dp (Å) 
Micropores       dp < 20 
Mesopores 20 < dp < 500 
Macropores          dp > 500 

 

Typically, isotherms are produced from the adsorption of a gas (i.e. nitrogen or 

argon) onto a solid phase (activated carbon) at the boiling point of liquid nitrogen, 77 K. 

Many researchers (Evans et al., 1998; Julien et al., 1998; MacDonald et al., 2000; 

Moreno-Castilla et al., 2001; Perez-Cadenas et al., 2003) studying activated carbons have 

used the BET method (Gregg & Sing, 1982) to calculate and compare surface areas of 

highly microporous samples. Activated carbons used in water treatment typically have 

surface areas in the range of 600-1500 m2/g (Sontheimer et al., 1988). However, since the 

adsorption of N2 by activated carbon is to a large extent due to micropore filling, BET 

surface areas are much better suited for estimates of relative changes between activated 

carbons rather than absolute measures of surface area (Stoehr et al., 1991). 

Density Functional Theory (DFT) is a molecular-based statistical thermodynamic 

theory that relates the adsorption isotherm to microscopic properties of the system using 

an iterative numerical method (Olivier et al., 1995). It is based on the concept that each 

pore size present will contribute to the total adsorption isotherm in proportion to the 

fraction of the total area or pore volume of the sample that it represents. DFT has been 

used to determine pore size distributions, total pore volume, and micropore volume of 

activated carbon samples and has proven useful in determining accessible surface area for 

uptake of various target compounds (Dastgheib et al., 2004; Karanfil et al., 2006). 
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2.3.5.   Chemical characterization of activated carbon 

The chemical characteristics of activated carbon impact catalytic capability 

(Snoeyink & Weber, 1967) and are largely determined by the composition heteroatoms 

such as oxygen, nitrogen, hydrogen, phosphorus, and sulfur and non-carbon elements 

such as metals and surface-bound oxygen groups (Sontheimer et al., 1988). The types and 

quantities of non-carbon elements present in activated carbon are a result of the raw 

materials and activated procedures. The nature of surface oxides on activated carbon is 

dependent on the raw materials used, activation temperature, the temperature at which it 

is exposed to oxidizing gases, and the composition of these gases. 

Surface functional groups and the delocalized electrons of the carbon structure 

dictate the acid/base character of the activated carbon surface (Laszlo & Szucs, 2001). 

Activated carbons have an acidic character when exposed to oxygen between 200°C and 

700°C or to oxidants such as hydrogen peroxide, nitric acid, or nitric and sulfuric acid 

mixtures in aqueous solution due to formation of carboxylic, lactonic and phenolic 

hydroxyl groups (Li et al., 2002). Several authors have studied changes in activated 

carbon surface chemistry through formation of oxygen surface complexes by oxidizing 

gases such as H2O2, (NH4)2S2O8, and HNO3 (Fanning & Vannice, 1993; Moreno-Castilla 

et al., 1995; Moreno-Castilla et al., 2001; Li et al., 2002). These treatments have been 

found to make the carbon materials more hydrophilic and acidic and affect their 

adsorptive and catalytic properties. Activated carbons develop a basic nature, due to 

formation of pyrone and quinone groups, as oxygen is removed from its surface by heat 

treatment in an inert atmosphere. In addition to reducing the acidity of the surface, 

removing oxygen from the surface makes the GAC less polar, which is desirable in 

removing hydrophobic contaminants from water. However, these heat treatments produce 

highly reactive sites that upon exposure to the atmosphere readily adsorb oxygen and 
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subsequently loose their basic nature. More recently, relatively stable basic GAC surfaces 

have been generated with heat treatment in hydrogen and ammonia atmospheres (Li et 

al., 2002). 

Many investigators have quantified activated carbon acidity and basicity using 

variations of the Boehm titration (Sontheimer et al., 1988). Such characterizations could 

potential yield useful information in this research. Chou (1986) proposed that catalytic 

activity of activated carbon was enhanced by removal of acidic surface groups. Dastgheib 

(2004) found that activation with ammonia decreased acidity and increased basicity of 

activated carbon. However, formation of surface oxides on activated carbon is strongly 

dependent on the raw material type. Wood-based activated carbons have been shown to 

retain more surface oxides than coal-based materials (Vinke et al., 1993) because of the 

reduced number of conjugated ring structures in wood-based activated carbons, as 

indicated by relatively low electrical conductivity and helium density. To quantify acid 

and base groups, the activated carbon is equilibrated with each of three bases, NaHCO3, 

Na2CO3, and NaOH. The supernatant of each is then back-titrated with HCl and the 

surface concentrations of each acidic group (strong- and weak-carboxyl, and phenolic) 

can then be determined. The basic surface oxides are determined by equilibrating the 

activated carbon with HCl and back-titrating with NaOH. 

The elemental composition of activated carbons have been quantified using x-ray 

photoelectron spectroscopy (XPS) (Stoehr et al., 1991; Jansen & Bekkum, 1994; Jansen 

& Bekkum, 1995; Dastgheib et al., 2004). These authors studied the effect of activation 

procedures with ammonia-containing gases and used XPS to determine the binding 

energies of the nitrogen (N1s), oxygen (O1s), and carbon (C1s) photoelectrons of the 

activated carbon surface groups. Dastgheib et al (2004) used XPS to determine bulk 

concentrations of nitrogen, oxygen, and carbon. Stoehr et al. (1991) found that ammonia 
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treatment chemisorbed nitrogen and XPS showed two N1s signals with binding energies 

of 401-400 eV and 399-398 eV, which were assigned to amine and nitrile and/or 

pyridine-like nitrogen, respectively. Jansen and Bekkum (1995) found that activation 

with ammonia gases led to formation of amides (399.9 eV), and lactams and imides 

(399.7 eV). 

Bauer and Snoeyink (1973) determined, based on stoichiometry, that acidic 

surface oxides (CO* in equations 2-4 and 2-5) formed on activated carbon as a result of 

monochloramine reduction reactions. However, the types of these oxides were not 

identified. Since the 1950s, various infrared (IR) transmission and internal reflection 

techniques have been used to identify surface functional groups on carbon blacks and 

activated carbons (Ishizaki & Marti, 1981). Fourier-transform infrared (FTIR) 

spectroscopy is a common analysis method for IR data and has been used by many 

authors studying activated carbon (Vinke et al., 1993; Jansen & Bekkum, 1994; Moreno-

Castilla et al., 1995; Julien et al., 1998; Jung et al., 2001). Through FTIR, a plot of 

measured infrared intensity (measured in absorbance or transmittance units) versus 

wavenumber of light (inverse of wavelength) is obtained through which surface 

functional groups can be identified. FTIR spectroscopy is typically performed in the mid-

infrared range (4000 to 700 cm-1), due to the inherent characteristics of the germanium 

coated beam splitter. By examining the FTIR spectra of an activated carbon before and 

after treatment, functional groups formed or consumed during that treatment can be 

identified. For example, as a result of activation with ammonia-containing gases, Jansen 

and Bekkum (1994) showed using FTIR that lactam, imide, and amide groups formed. 

2.3.6.   Catalytic properties 

The catalytic properties of activated carbons are controlled by its physical and 

chemical properties (Snoeyink & Weber, 1967). These properties are determined by the 
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type of raw material and the activation procedure. The most common raw materials used 

in the production of activated carbons for water treatment are bituminous coal, peat, 

lignite, petrol coke, wood, and cococut shells (Sontheimer et al., 1988). The production 

process consists of pyrolytic carbonization of the raw material and subsequent or parallel 

activation. Most of the carbons undergo physical or thermal activation, where a gaseous 

agent (commonly steam, CO2, or air) is contacted with the pyrolyzed carbon (called 

“char”) at elevated temperatures (850 to 1000°C). The type of activating agent and the 

length and temperature of activation can have a major influence on the physical and 

chemical properties of activated carbon. Indeed, a number of patents (Chou, 1986; 

Matviya & Hayden, 1994; Baker & Byrne, 2004) have been based on unique activation 

processes. 

Chou (1986) patented an improved process for the selective production of primary 

and secondary amines on activated carbon through reaction of tertiary or secondary 

amines with oxygen or an oxygen-containing gas in the presence of the char during 

activation. The treatment was accomplished by exposing the char to a gas stream of 

ammonia and an oxygen-containing gas (i.e. H2O2/NH3). Ammonia is a basic gas and is 

believed to assist the decomposition of oxide groups of the surface of the activated 

carbon. While basic and acidic oxides on the surface of activated carbon are known to 

play a significant role in oxidation processes, Chou (1986) postulated that catalytic 

activity can be substantially increased if the acidic oxides are removed from the surface 

of the carbon. 

Using the process patented by Chou (1986), Matviya and Hayden (1994) 

developed an activated carbon with enhanced catalytic properties (Centaur®, Calgon 

Carbon Corporation, Pittsburgh PA) from nitrogen-poor feedstocks comprised of mixed 

grades of bituminous coal. The authors supported their claim of enhanced catalytic 
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capability through application of a standard test, in which the t-3/4 time is measured, 

which is the time needed for 0.25 g of activated carbon to decompose three-fourths of a 

standard amount of hydrogen peroxide. Since the t-3/4 time was substantially less for 

Centaur compared to other activated carbons tested, the authors concluded that Centaur 

had enhanced catalytic capability and thus would be suitable for applications that 

required conversion of peroxides, chloramines, sulfides, sulfur dioxide, and nitric oxide.  

Baker and Byrne (2004) patented a process for production of an activated carbon 

specifically for removal of monochloramine in water (AquaGuard®, MeadWestvaco, 

Stamford CT). This process, also based on the method developed by Chou (1986), 

utilized nitrogen-poor feedstocks of wood, olive pits, and coconut, instead of the coal-

based starting materials used in the production of Centaur. These authors showed that 

AquaGuard destroyed monochloramine faster than Centaur in batch tests on both a 

volume and mass basis. Baker and Byrne (2004) further showed that AquaGuard 

decomposed hydrogen peroxide much more slowly that Centaur, and concluded that the 

t-3/4 time is not an appropriate measure of catalytic activity in terms of monochloramine 

reduction. 

Stoehr et al. (1991) examined the catalytic activity of activated carbon for 

oxidation of H2SO3 and noted while exposure of the char to ammonia-containing gases 

during activated enhanced catalysis, carbons exposed only to steam and/or carbon dioxide 

had intrinsic catalytic activity. They concluded that while catalytic activity seemed to be 

enhanced by chemisorbed nitrogen, subtle changes in the pore structure may also have 

been important. 

While manufacturing procedures to produce these catalytic activated carbons are 

disseminated in patents, a thorough understanding of the surface chemistry relevant to 

monochloramine destruction has not been developed. Few comparisons have been made 
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between catalytic activated carbons (Centaur and AquaGuard) and more conventional 

activated carbons like F400. Thus, many unresolved issues remain regarding the 

suitability of so called catalytic activated carbons (i.e. AquaGuard and Centaur) for 

monochloramine reduction under typical conditions of chloramination. 

2.3.7.   Uptake of dissolved organic matter 

It is broadly recognized that background dissolved organic matter (DOM) 

competes effectively with target compounds such as synthetic organic chemicals (SOCs) 

for the surfaces and reactive sites of activated carbon (Ogino et al., 1987; Summers & 

Roberts, 1988; Carter et al., 1992). As such, in this research, it was hypothesized that the 

presence of DOM in natural water would inhibit monochloramine reduction. The 

remainder of this section is dedicated to a discussion of (1) activated carbon pre-loading 

with DOM in FBRs, and (2) physical and chemical activated carbon properties relevant to 

DOM uptake in batch systems. 

Since DOM moieties typically adsorb weakly compared to most target 

compounds, DOM can access fresh activated carbon sites in a FBR, thereby “preloading” 

or “fouling” the GAC and reducing its effectiveness for removal of target compounds that 

come along later (Weber, 2004). By performing batch and column studies with 

trichloroethylene (TCE), Carter et al. (1992) and Carter and Weber (1994) demonstrated 

that preloading effects were a result of sequential site occupation and pore blockage. 

Additionally, these authors found the effect of preloading by natural water plateau after a 

period of several weeks. These results suggest that steady-state processes on GAC, such 

as monochloramine reduction, while inhibited to a certain extent by organic matter, have 

the potential to proceed indefinitely as preloading effects by organics in natural waters 

are limited. 
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Unfortunately, the effects of DOM in a FBR can neither be predicted by currently 

available adsorption theories nor assessed consistently by lumped organic matter 

measurements such as TOC (total organic carbon) (Weber, 2004). Additionally, because 

of the heterogeneous characteristics of DOM, the amount of TOC preloaded onto a given 

mass of activated carbon is not a reliable indicator of the resulting preloading effect on 

removal of a target compound. Background water pH and ionic strength impact organic 

matter uptake by activated carbon; however, given the complexities associated with 

GAC-DOM interactions, these effects can only be assessed accurately on a system-

specific basis. 

Isotherm studies with size-fractionated humic acids showed that predominantly 

microporous GACs adsorb low molecular weight components while mesoporous GACs 

were required for effective adsorption of high molecular weight components (Ogino et 

al., 1987; Newcombe et al., 1997). A similar study showed that humic uptake isotherms 

with various molecular size fractions collapsed on one another when normalized by 

accessible surface area, indicating that physical compatibility with GAC pores was 

necessary for efficient humic uptake (Summers & Roberts, 1988). These authors also 

examined the impact of solution ionic strength and found increased adsorption per unit 

mass of GAC with increasing ionic strength. They attributed this to an increase in 

accessible GAC surface area produced by compression of the electrical double layer, 

which allowed humic molecules to coil more tightly, thus reducing their effective size. 

Karanfil et al. (1996) showed that the chemistry of humic molecules derived from a 

particular source is relatively uniform from one size fraction to another and that 

differences observed in GAC uptake of different size fractions could be attributed mainly 

to size exclusion effects. In a subsequent studies, Karanfil et al. (1999) and Dastgheib et 

al. (2004) found increased adsorption of DOM with increasing GAC surface area 



 25

contained within pores greater than 1 nm in width. Karanfil (2006) studied the molecular 

sieve properties of activated carbons using bottle-point isotherms and found that for TCE 

pores less than 10 Å in width precluded preloading of organic matter. 

Chemical interactions between humic substances and the GAC can also influence 

the extent of DOM uptake. GAC researchers have particularly focused on the impact of 

electrostatic characteristics. Such properties are measured by quantifying the titratable 

acidity and basicity of the GAC and the point of zero charge, pHPZC, which is the pH at 

which the densities of the positive and negative charge-determining ions at the GAC 

surface are equal. Humic substances present in surface waters typically have a net 

negative surface charge at pH’s of interest in drinking water treatment (pH 7 to 9) due to 

carboxylic acid functional groups (pKa’s < 5.0). Not surprisingly, positively charged 

GACs have been shown to adsorb more humics than negatively charged GACs in bottle 

point isotherm studies (Summers & Roberts, 1988). Further, the effects of GAC charge 

and solution ionic strength conformed to electrostatic principals when isotherms were 

expressed on an accessible surface area basis. For positively charged GACs, attraction of 

humics to the GAC surface decreased with increasing ionic strength due to electrical 

double layer compression. Conversely, electrostatic repulsion (and adsorption) increased 

with increasing ionic strength for negatively charged GACs. For chemically non-

homogeneous humics, Karanfil et al. (1996) found that DOM uptake by a positively-

charged GAC increased with increasing DOM acidity on a molecular size basis up to a 

limit where further increases in acidity enhanced DOM solubility enough to overwhelm 

electrostatic forces. The authors reasoned that increasing acidity of DOM increased the 

electrostatic attraction between the negatively-charged DOM and the positively-charged 

GAC surface. Karanfil et al. (1999) found a correlation between decreasing DOM uptake 

and increasing GAC surface acidity and reasoned that pore blockage increased with 



 26

increasing activated carbon acidity due to the formation of water clusters on the GAC 

surface. Dastgheib et al. (2004) showed that DOM uptake was inhibited by acidic GAC 

functional groups and enhanced by basic groups and a net positive surface charge. 

Given the wealth of research with regard to the importance of GAC properties on 

NOM uptake, physical and chemical GAC properties likely dictate the degree of impact 

that NOM exerts on the monochloramine reduction process. One of the objectives of this 

research was to determine the role of GAC pore structure and electrostatic properties on 

the degree to which NOM interferes with monochloramine reduction by GAC. Given the 

steady-state nature of this process, the impact of NOM could be evaluated in a FBR, thus 

accounting for hydrodynamic considerations not accounted for in previous NOM uptake 

research using bottle-point isotherms (Ogino et al., 1987; Summers & Roberts, 1988; 

Karanfil et al., 1996; Newcombe et al., 1997; Karanfil et al., 1999; Dastgheib et al., 

2004). 

2.4.   APPLICATIONS 

Over the past decades, monochloramine removal has been needed for the 

production of water for kidney dialysis, where the standard is 0.1 mg/L as Cl2 as set by 

the Association for the Advancement of Medical Instrumentation (AAMI) (Komorita & 

Snoeyink, 1985). While previous results have shown that impractically large contact 

times (filter beds) would be required to meet this standard for steady-state operation, 

GACs with enhanced catalytic capability (i.e., Centaur and AquaGuard) were not 

considered in these studies.  

Additional applications exist for which target concentrations of monochloramine 

may be higher than that for kidney dialysis. For example, a biological process for 

drinking water treatment plants that use chloramination disinfection is under development 

(Wahman et al., 2005). In this process, the possibility of trihalomethane (THM) 
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cometabolism in nitrifying biofilters is being evaluated. To create conditions in the filter 

suitable to the growth and sustainability of nitrifying bacteria without compromising 

upstream disinfection, monochloramine removal in the filter is required. Using minimal 

filter contact time (or bed depth) to sufficiently reduce monochloramine is essential, so 

that sufficient contact time in the filter remains for nitrifying bacteria to grow and 

cometabolize THMs. Steady-state operation for monochloramine removal is attractive 

because frequent replacement of the upper layer of GAC would likely make the process 

less appealing, if not impractical, to many drinking water utilities. Other potential 

applications that require monochloramine removal include the production of water for 

soft drink manufacturing and water used in fishery operations. 

2.5.   SUMMARY 

A review of chloramine chemistry revealed that a 4:1 Cl2:N mass ratio would be 

suitable in terms of producing a stable monochloramine influent concentration in the FBR 

studies. Additionally, throughout the pH range used in these studies and by 

chloramination utilities (pH 7 to 9), monochloramine auto-decomposition reactions 

would not be significant over the relatively short timescales of the FBR studies and, as 

such, the non-catalyzed destruction of monochloramine can be safely neglected. 

The columns used in the FBR studies were designed and sized based on previous 

research. Hydrodynamic considerations dictate that the ratio of column diameter to GAC 

particle size should be greater than 30 to prevent wall effects and the assumption of 

negligible film resistance is valid over a range of surface loading rates between 2.4 and 

22.0 m/hr [1 to 9 gpm/ft2] for 12×20, 40×50, and 60×80 mesh activated carbon particles. 

There are two known reactions between monochloramine and GAC – one in 

which surface oxides are produced (equation 2-4), and the other in which surface oxides 

are consumed (equation 2-5) – the net result of these two reactions proceeding in parallel 
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in a FBR for a given set of influent conditions is the onset of steady-state. A previously 

developed numerical model (referred to in this research as the “MCAT” model) was 

identified as an appropriate tool to simulate steady-state monochloramine reduction using 

GAC particle sizes used in practice based on laboratory-scale FBR studies with much 

smaller activated carbon particles. For a given GAC, background water, and pH, the 

MCAT model could be calibrated using an iterative trial-and-error procedure. MCAT 

model simulations could then be used to assess the feasibility of various applications that 

require monochloramine reduction. 

While the effect of monochloramine influent concentration, GAC particle size, 

and contact time has been studied by previous researchers, the impact of GAC porosity 

and surface chemistry and water characteristics, such as pH and NOM content, have not. 

This research is intended to address these gaps. Given that monochloramine is chemically 

reduced by GAC, catalytic properties of activated carbon are likely important. These 

properties are a result of the type of raw material and activation procedure used, both of 

which can vary considerably in the production of activated carbon. The formation of 

primary and secondary amines on activated carbon through exposure of the char to 

ammonia gases during activation is thought to increase catalytic activity by removing 

acidic oxides from the surface of the carbon (Chou, 1986). Two commercially GACs 

have been activated with ammonia for the purposes of enhancing catalytic activity, one 

wood-based (AquaGuard) and one coal-based (Centaur). However, no studies have been 

done to assess monochloramine reduction with these GACs in packed-bed reactors or 

considered the impact of water pH or organic matter content. Further, comparisons have 

not been made in terms of monochloramine reduction between these catalytically-

enhanced GACs and those used widely in water treatment plants like Filtrasorb 400 

(F400). 
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Previous batch studies have shown the uptake of NOM by activated carbon is 

likely controlled by physical and chemical properties. From a physical perspective, size 

exclusion effects between the GAC pores and NOM are important, while chemically, 

electrostatic interactions between the activated carbon and negatively-charged NOM 

effect uptake (adsorption). Given the steady-state nature of the monochloramine-GAC 

process, the impact of NOM can be evaluated in FBRs, thus accounting for the 

hydrodynamics of the system not considered in previous NOM uptake research in which 

bottle-point isotherms were used. 
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CHAPTER 3:  Materials and Methods 

3.1.   OVERVIEW 

The experimental protocol for this research was designed to elucidate 

physicochemical properties of granular activated carbon (GAC) for enhanced 

monochloramine reduction in natural waters. A series of fixed-bed reactor (FBR) studies 

were performed to quantify steady-state monochloramine reduction with five types of 

GAC and two background waters – an organic free water with added buffers and 

nutrients (NW) and Lake Austin water (LAW), a surface water source for the City of 

Austin, TX. A previously developed finite-element model (Kim & Snoeyink, 1980a) was 

used to estimate steady-state monochloramine reduction with GAC particle sizes used in 

practice based on laboratory-scale FBR studies. Modeling results permitted 

determinations of experimental conditions (GAC type, contact time, etc.) required to 

meet various treatment goals with respect to monochloramine removal. A set of 

experiments concurrent to the FBR studies were performed to characterize physical and 

chemical properties of the virgin GACs and those after use in the FBR tests. Nitrogen gas 

adsorption isotherms at 77 K were run on each virgin GAC to determine surface area, 

pore volume, and pore size distribution. Such analyses coupled with results from FBR 

studies permitted estimation of accessible surface area for monochloramine reduction in 

the presence and absence of NOM. Acid/base uptake titrations and measurement of the 

pH of the point of zero charge of virgin and FBR-treated GACs were done to characterize 

electrostatic surface properties, which may affect the degree to which natural organic 

matter (NOM) impacts the monochloramine reduction process in FBRs. Fourier 

transform infrared spectroscopy (FTIR) was conducted to identify the surface oxides 

formed on the GACs as a result of monochloramine reduction, and x-ray photoelectron 
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spectroscopy (XPS) was performed to determine the elemental composition of the GACs. 

Results from physical and chemical characterizations of the GACs were interpreted in the 

context of the results from FBR studies. 

3.2.   FIXED-BED REACTOR STUDIES 

3.2.1.   Granular activated carbons 

Five commercially-available GACs were selected for use in the fixed-bed reactor 

(FBR) studies. Filtrasorb 400 (F400), Filtrasorb 600 (F600), and Centaur from Calgon 

Carbon Corporation (Pittsburgh PA); Medical Grade (AGC-MG) from ResinTech (West 

Berlin NJ); and AquaGuard from MeadWestvaco (Covington VA). F400 was selected as 

it was used in previous monochloramine-GAC studies (Kim, 1977) and is widely used by 

water utilities today. F600 was selected based on the manufacturer’s claim of superior 

removal of target compounds at low concentrations. AGC-MG was selected because it is 

marketed for removal of free chlorine and chloramines in the production of water for 

kidney dialysis. A review of the patents for AquaGuard (Baker & Byrne, 2004) and 

Centaur (Matviya & Hayden, 1994) GACs showed that they were specifically produced 

for removal of monochloramine from drinking water in residential and commercial 

applications. All GACs were made from bituminous coal with the exception of 

AquaGuard which was produced from wood. While each GAC was steam-activated, 

Centaur and AquaGuard were exposed to ammonia gases during activation by a 

proprietary process. The manufacturer, raw materials, and activation gases for each GAC 

are summarized in Table 3-1. 

The virgin GACs were mechanically ground and sieved to generate 40×50 US 

mesh fraction particles, washed with distilled-deionized (DDI) water to remove oils and 

fines, dried in a desiccator to constant mass, and stored in sealed amber glass bottles at 



 32

room temperature until use. Prior to use, an appropriate amount of GAC was equilibrated 

in DDI water for 24 hours and then rewashed to ensure the absence of fines. Following 

the FBR studies, the GAC from each column was washed into a beaker, the free water 

was decanted, and dried in a dessicator to constant mass. The packed-bed density was 

then calculated as the dry mass of GAC divided by the column volume. 

 

Table 3-1. Properties of GACs used in FBR studies 

GAC Manufacturer Raw Material Activation Gases 

F400 Calgon* Coal Steam 
F600 Calgon* Coal Steam 

Centaur Calgon* Coal Steam, Ammonia 
AGC-MG ResinTech† Coal Steam 

AquaGuard MeadWestvaco‡ Wood Steam, Ammonia 
*Calgon Carbon Corporation, Pittsburgh PA 
†ResinTech, West Berlin NJ 
‡MeadWestvaco, Covington VA 

 

3.2.2.   Background waters 

Two background waters were used in the FBR experiments. Water from Lake 

Austin (LAW), which serves as a water source for the City of Austin, TX, was chosen to 

represent a natural source. LAW was collected from the inlet of the Davis water 

treatment plant (Austin, TX) prior to any treatment and stored at 4°C in HDPE and LDPE 

containers until use. LAW is a typical surface water, as shown by previous research 

(Roalson et al., 2003), characterized by moderate hardness, high alkalinity, and moderate 

total organic carbon. Prior to use, LAW was filtered through a 0.2-µm Polycap 75 AS 

filter (Whatman Inc., Clifton NJ) to remove particulate matter and help prevent column 
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plugging. In terms of water characteristics relevant to the uptake of NOM, it is likely that 

filtered LAW is a fairly reasonable representation of water following pretreatment 

processes at a drinking water plant. GAC filters are typically located after coagulation 

and sedimentation processes which generally remove the higher molecular weight 

organic matter fractions, producing water comprised primarily of lower molecular weight 

fractions (Karanfil et al., 1996). Regardless, results in FBR studies pertain to the fraction 

of NOM in LAW that passed a 0.2-µm filter. This fraction of NOM will be referred to 

herein as dissolved organic carbon (DOC). 

The second background water was an organic-free synthetic water source (NW), 

made from addition of buffers and nutrients to distilled water, the composition of which 

is detailed in Table 3-2. All chemicals were ACS certified. 

Table 3-2. Nutrient water (NW) composition 

Stock Chemical Concentration (M) 

MgSO4•7H20 7.0 × 10-6 

CaCl2•2H20 2.0 × 10-6 

FeSO4•7H20 1.0 × 10-7 

C10H16N2O8 (EDTA) 1.7 × 10-7 

CuSO4 6.5 × 10-9 

K2HPO4 3.4 × 10-5 

NaHCO3 4.2 × 10-3 

 

3.2.3.   Experimental setup 

Figure 3-1 and Figure 3-2 are schematics of the systems used for the FBR studies 

with NW and LAW, respectively. These systems were designed to feed background 

water, free chlorine, and ammonia solutions to a mixing reservoir to form 

monochloramine at a 4:1 Cl2:N mass ratio at 2 mg/L as Cl2. The solution pH was 
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maintained as desired (pH 7.0, 8.0, or 9.0 ± 0.2) by addition of sulfuric acid or sodium 

hydroxide to the reservoir. A peristaltic pump then transferred the monochloramine 

solution from the mixing reservoir to three parallel column trains operated in an up flow 

mode to facilitate the removal of nitrogen gas. Sampling points (abbreviated S in Figure 

3-1 and Figure 3-2) located at the influent of the first column and after each column in 

series, allowed three empty bed contact times (EBCTs) to be evaluated as a function of 

operating time in a given experiment. Experimental conditions used in the FBR studies 

are summarized in Table 3-3. 

 

 

Figure 3-1. Schematic for fixed-bed reactor studies with nutrient water 
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Figure 3-2. Schematic for fixed-bed reactor studies with Lake Austin water 

 

Table 3-3. Experimental conditions used in the FBR studies 

Parameter Units Value 
Bed diameter cm 1.0 
Bed length cm 5.1, 10.2, 15.3 
Flow rate mL/min 8.0 (0.2)* 

Influent concentration mg/L as Cl2 2.0 (0.2)* 
Geometric mean GAC diameter cm 0.035 

Bed Porosity - 0.30 
*Values in parentheses represent accepted tolerances of the given parameter 
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FBR studies were performed with 40×50 US mesh size GACs at a surface loading 

rate of 6.11 m/hr [2.5 gpm/ft2]. Kim and Snoeyink (1980a) showed that the assumption of 

negligible film resistance in their NH2Cl-GAC packed bed model was valid over the 

range of 2.4 to 28.8 m/hr [1 to 9 gpm/ft2] for 12×20, 40×50, and 60×80 US mesh size 

particles. The ratio of bed diameter to geometric mean GAC particle size was 

approximately 30, which has been shown to be sufficient to inhibit wall effects (Rose, 

1951). 

FBR studies were run with all five GACs at pH 7 and pH 8 using both NW and 

LAW (20 conditions), and at pH 9 for F400, F600, and Centaur GACs using NW (3 

conditions). Therefore, 23 different combinations of conditions were tested in the FBR 

studies. 

3.3.   MODELING 

The packed-bed monochloramine catalysis (MCAT) model developed by Kim 

(1977) was used to make steady-state performance predictions with GAC particle sizes 

used in practice. The MCAT model contains the following surface reaction expression, 

empirically derived by mimicking the dichloramine-GAC reaction that was formulated 

based on Langmuir-Hinshelwood kinetics: 
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where f1 and f7 are rate constants determined by minimizing the sum of square residuals 

(SSR) between steady-state experimental data and the model generated fit, 

)1(
4

32
27 f

f
ff += , and C is the monochloramine concentration (mg/L as Cl2). In this 

research, multiple combinations of f1 and f7 resulted in nearly the same SSR for a given 

condition (i.e., GAC type, background water, and pH). All values of f1 were much larger 

than C for concentrations of interest in drinking water, making the surface reaction rate, 

RC, essentially dependent only on the ratio of f7/(f1
2). Therefore, the value of f1 was fixed 

at 100 mg/L as Cl2 for all conditions, and f7 was determined by convergence to 

experimental data. The MCAT model was reduced to a set of simultaneous ordinary 

differential equations (ODEs) in time using the method of orthogonal collocation. An 

ODE solver for stiff equations based on Gear’s Method was used to solve the equations 

(Gear, 1971). A calibration was done for each of the 23 conditions tested in the FBR 

studies, and yielded a distinct value of f7 for each combination of GAC, background 

water, and pH studied. Steady-state performance predictions with GAC particle sizes 

used in practice (12×40 mesh) were then made for each condition using the 

corresponding value of f7 determined through calibration. 

3.4.   ANALYTICAL METHODS 

The analytical methods used throughout this research are presented in this section. 

3.4.1.   Aqueous analyses 

3.4.1.1 Monochloramine and ammonia 

Free chlorine solutions were prepared by diluting 4-6% sodium hypochlorite 

(NaOCl) with distilled-deionized water as needed. Stock NaOCl solutions were 

standardized periodically with sodium thiosulfate in accordance with Standard Methods. 

Ammonium sulfate, (NH4)2SO4, was dissolved in DDI water and added to chlorine 
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solutions at a 4:1 Cl2:N mass ratio to form monochloramine. Monochloramine was 

measured on an UV-visible spectrophotometer (Agilent 8453) at 655 nm calibrated with 

standards between 0.04 and 3 mg/L as Cl2 using Hach Method 10171 (Hach, 2003). 

Ammonia was measured with an ion selective electrode ammonia probe (Thermo Orion 

9512) connected to a pH/ISE electrode (Orion Model 920A) calibrated with standards of 

0.1, 1.0 and 5.0 mg/L as N. Prior to measurement of ammonia standards and samples, an 

Orion ammonia pH adjusting ISA solution was added. 

3.4.1.2 pH 

The pH of water samples from the FBR studies was measured on a pH/ISE 

electrode (Orion Model 920A) calibrated with pH standards of 4, 7, and 10. An Orion 

8103BN pH probe was used for all other analyses (acid/base titrations and measurement 

of the point of zero charge). 

3.4.1.3 Dissolved organic carbon 

Dissolved organic carbon (DOC), a surrogate parameter frequently used to 

quantify natural organic matter (NOM) concentrations in water (Karanfil et al., 1996), 

was measured using an Apollo 9000 Combustion TOC analyzer with autosampler 

(Tekmar-Dohrmann). Water samples from FBR studies, taken after filtration (0.2-µm 

Polycap 75 AS filter, Whatman Inc., Clifton NJ) but prior to addition of 

monochloramine, were collected in 50-mL acid-washed vials and preserved for up to one 

month by addition of a few drops of concentrated phosphoric acid and stored at 4°C until 

measurement. Organic carbon standards were prepared in distilled water at 

concentrations between 1 and 5 mg/L using potassium hydrogen phthalate (C8H5KO4). 

Standards were measured at the beginning and end of each run to calibrate and ensure 
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stability of the TOC analyzer. A detailed description of the sample and standard 

preparation procedure that was followed in this research can be found in Gerwe (2003). 

3.4.2.   GAC analyses 

3.4.2.1 Porosity 

Physical characterizations of the virgin GACs were done by analysis of nitrogen 

gas adsorption isotherms at 77 K. An ASAP 2010 analyzer (Micromeritics, Norcross GA) 

with independent degassing control was used. Prior to analysis, the free-space of the 

sample tube was measured by using procedures documented by the manufacturer 

(Micromeritics, 2003). A known mass of GAC was placed in a sample tube equipped 

with an isothermal jacket and degassed under vacuum at 200°C for 24 hours to remove 

pore water. The sample was then evacuated with helium, re-weighed to determine the dry 

mass, and transferred to the sampling port where it was degassed again at 200°C under 

manual control for 24 hours to remove trapped helium prior to analysis (recommended 

for samples with a specific surface area greater than 50 m2/g). Analysis conditions and 

valve control procedures for manual degas used in the ASAP 2010 software are listed in 

Table 3-4. 

The surface area, pore volume, and pore size distribution of the virgin GACs were 

determined from analyses of nitrogen gas adsorption isotherms at 77 K using previously 

documented procedures (Gregg & Sing, 1982). Briefly, surface area and pore size 

distribution were determined using Micromeritics’ Density Functional Theory (DFT) 

software by assuming the original DFT model with slit shape pore geometry. Surface area 

was also determined using the BET equation in the relative pressure range of 0.01 to 

0.10. Total pore volume was calculated from the adsorbed volume of nitrogen gas at a 

relative pressure of 0.98; the micropore volume was determined using the Dubinin-
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Radushkevich equation in the relative pressure range of 10-5 to 10-1. The mesopore 

volume was taken to be the difference between the total pore volume and micropore 

volume for a given GAC. 

Table 3-4. Analysis conditions and manual degas control in ASAP 2010 software used 
for nitrogen gas adsorption isotherms. 

Parameter Comment 
No backfill at start of analysis 

Backfill options 
Backfill at end of analysis 

Equilibration interval 45 seconds 
Low pressure dose 3 cm3/g 

Minimum equilibration delay 000 
Maximum equilibration delay 999 

Close valves 1 and 2 
Open valves 4, 5, and 7 

At 760 mm Hg, close valves 4 and 5, 
open valves 9 and 2 

Manual degas 

Once below 5 mm Hg open valve 1 

 

3.4.2.2 pH of point of zero charge 

The pH of point of zero charge (pHPZC) was determined for all five virgin GACs 

and after FBR experiments with both NW and LAW for F400 and F600 GACs. Five 

grams of GAC particles that passed the #200 US sieve were suspended in 1 L of N2-

purged 0.01 M KCl using Millipore that had been boiled to remove dissolved CO2. This 

suspension was settled for 20 hours prior to decanting 40 mL aliquots of the supernatant 

into 50 mL centrifuge tubes in a high-purity nitrogen chamber (Labconco, Kansas City 

MO). In this chamber, the pH in each tube was adjusted with carbonate-free 0.01 N or 0.5 

N HCl or NaOH at intervals of 0.3 to 0.4 pH units between pH 1.5 and 9.0. Sealed tubes 
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were then removed from the chamber and tumbled end-over-end for 96 hours to allow 

GAC particles to equilibrate (determined to be sufficient equilibration time based on 

preliminary studies). The pH in each tube was then re-measured in the high-purity 

nitrogen chamber prior to measurement of the zeta potential using a Zetaphoremeter IV 

Model Z8000 (CAD Instrumentation, France). This instrument measures the 

electrophoretic mobility of particles by calculating the rate at which particles move under 

a known applied electric field (Gerwe, 2003). Particle movement was tracked by a 

collimated laser beam which was focused to the stationary layer of the cell each time the 

cell was loaded. The cell was rinsed daily in 50% HNO3 solution prior to use to prevent 

build up of particles on the cell walls. The instrument software correlated measured 

electrophoretic mobility (µ/sec/V/cm) to zeta potential (mV) using the Smoluchowski 

equation. Between 3 and 6 measurements were made for each sample, depending on 

particle concentrations so that a minimum of 20 particles were analyzed. The pHPZC was 

taken to be the pH range over which the mean Zetapotential transitioned between 

negative and positive values. This technique involves direct measurement of the 

Zetapotential of GAC particles equilibrated at various pH values and differs from the pH 

drift (Summers & Roberts, 1988; Dastgheib et al., 2004) and mass titration (Noh & 

Schwartz, 1990; Karanfil et al., 1999) techniques used by previous researchers in which 

estimates of the pHPZC was inferred from equilibrium pH measurements as a function of 

GAC or acid/base addition. 

3.4.2.3 Total acidity and basicity 

Acidic and basic functional groups on the virgin GACs were quantified with 

NaOH and HCl uptake, respectively. All solutions were prepared with CO2-free water 

and in an anaerobic chamber (Labconco, Kansas City MO) under an atmosphere of high 

purity nitrogen. Triplicate samples with 0.100 g of 40×50 US mesh GAC were prepared 
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in 25-mL glass screw top vials and filled with 20 mL of carbonate-free 0.05 N NaOH or 

0.05 N HCl. Vials containing either acid or base without GAC were prepared in triplicate 

and served as blanks. Vials were sealed, removed from the chamber and tumbled end-

over-end for 5 days. For each vial, 10 mL of the supernatant was back-titrated with either 

0.05 N NaOH or 0.05 N HCl using a 1000-µL electronic digital pipette (Rainin, Oakland 

CA) operated in multi (M) mode. The difference between the acid (or base) uptake by 

samples and the blank was calculated and converted to equivalents of HCl or NaOH per 

gram of GAC. 

3.4.2.4 Fourier transform infrared spectroscopy 

Transmission spectra were measured on a Bruker IFS 66v/S single channel 

Fourier transform infrared spectrophotometer (FTIR) using procedures similar to that 

used by Vinke et al. (1993). Samples were prepared by pulverizing 10 mg of GAC with 

500 mg of potassium bromide (KBr) using a mortar and pestle; 20 mg of this mixture was 

added to 180 mg of KBr, pulverized and mixed thoroughly, and transferred to glass vials 

for storage. Samples were dried for at least 24 hours under vacuum (at 21°C ± 3°C) prior 

to measurement. A Praying Mantis (Harrick, Ossining NY) sample holder with low 

volume cup was used to hold the samples in an evacuated sample chamber (2 mbar) 

during measurement. The spectra were obtained with a liquid nitrogen cooled narrow-

band mercury cadmium telluride (MCT) detector by co-addition of 2000 scans at a 

resolution of 8 cm-1 in the mid-infrared (4000 and 700 cm-1) range. Spectra were 

corrected with a curved baseline feature (OPUS software) used for strongly scattering 

samples and subtracted from a pure KBr spectra that served as a blank. 
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3.4.2.5 X-ray photoelectron spectroscopy 

Elemental analysis of the activated carbons was performed using x-ray 

photoelectron spectroscopy (XPS) by Dr. Yangming Sun in the Department of Chemistry 

and Biochemistry at The University of Texas at Austin. The analyzed spot size was 700 

µm × 350 µm, and the average depth of analysis was 25 Å. Reported elemental analysis 

data of oxygen, nitrogen, and carbon were obtained from XPS and represent the atomic 

percentage (at.%) of each element. 

3.5.   SUMMARY 

The experimental procedures were designed to (1) quantify monochloramine 

reduction in laboratory-scale FBRs, (2) facilitate application of an existing numerical 

model to estimate steady-state monochloramine reduction with GAC particle sizes used 

in practice, and (3) characterize physical and chemical properties of the virgin and FBR-

treated GACs. Steady-state monochloramine reduction was quantified with a series of 

laboratory-scale FBR experiments with five GACs (F400, F600, Centaur, AGC-MG, and 

AquaGuard) and two background waters (an organic free nutrient water and Lake Austin 

water). The monochloramine catalysis (MCAT) model developed by Kim and Snoeyink 

(1980a) was identified as an appropriate tool that could be used to estimate steady-state 

monochloramine reduction with GAC particle sizes used in practice based on laboratory-

scale results. Virgin and monochloramine-treated GACs were characterized physically in 

terms of surface area, pore volume, and pore size distribution, and chemically in terms of 

acid/base and electrostatic properties, elemental composition, and identity of surface 

functional groups. Interpretation of system-level results from FBR studies in the context 

of results from GAC surface studies permits determination of physicochemical GAC 

properties for enhanced monochloramine reduction in natural waters. 
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CHAPTER 4:  Results and Discussion 

4.1.   OVERVIEW 

The objective of this research was to evaluate the effect of activated carbon 

porosity and surface chemistry on monochloramine reduction in fixed-bed reactors 

(FBRs) under typical drinking water treatment plant conditions. The research was divided 

into three principal phases. In the first phase, steady-state monochloramine reduction was 

quantified with five types of granular activated carbon (GAC). FBR experiments were 

conducted over the range of pH values likely to be present during chloramination (pH 7 

to 9) using two background waters, one organic-free and the other a surface water that 

contained natural organic matter. In the second phase of research, a previously developed 

mathematical model (Kim, 1977) was used to simulate steady-state monochloramine 

reduction with GAC particle sizes used in full-scale drinking water filters. Based on these 

simulations, the feasibility of steady-state monochloramine reduction is discussed with 

respect to operating conditions and various treatment objectives. In the third phase of 

experiments, physical and chemical properties of the virgin and chloramine-reacted 

GACs were characterized using N2 gas adsorption isotherms, acid and base titration, 

electrophoretic mobility measurements, XPS, and FTIR. The results from these analyses 

were correlated to that from the phase I FBR studies to determine activated carbon 

properties that limited the deleterious impact of NOM and enhanced monochloramine 

reduction. This chapter presents results and discussion from all three phases of the 

dissertation research. 
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4.2.   FIXED-BED REACTOR STUDIES 

The objective of the FBR studies was to quantify steady-state monochloramine 

reduction for the five selected GACs and two background waters. 

4.2.1.   Monochloramine reduction 

Figure 4-1 shows monochloramine effluent profiles for F400 GAC with Lake 

Austin water (LAW) at empty-bed contact times (EBCTs) of 0.5, 1.0 and 1.5 minutes. 

Similar plots were made for the five selected GACs with nutrient water (NW) and LAW 

and shown in Appendix A (section A.1.) 
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Figure 4-1. Monochloramine dimensionless effluent concentration versus time profile for 
fixed-bed reactor experiment with 40×50 mesh F400 GAC using Lake Austin water at pH 
8 at empty-bed contact times of 0.5, 1.0, and 1.5 minutes. 
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In all cases, the data indicate that the dimensionless effluent concentration 

reached steady-state following a period of lower concentrations. While the steady-state 

behavior is consistent with previous research (Kim, 1977; Kim & Snoeyink, 1980a), the 

operating time to reach steady state for the FBR experiments in this research was five to 

ten times as long (between 1000 and 2000 hours). This discrepancy is attributed to the 

difference in influent monochloramine concentrations, which were between 15 and 40 

mg/L as Cl2 in the previous work and 2 mg/L as Cl2 in this research. This explanation of 

the difference is also in agreement with the two postulated monochloramine-GAC 

reactions that proceed in parallel at steady-state (equations 2-4 and 2-5 in Chapter 2): 

 
*

3
*

22 COClHNHCOHClNH +++→++ −+  (4-1) 

and 
*

22
*

2 222 CClHOHNCOClNH ++++→+ −+  (4-2) 

 

The lower the influent concentration, the longer it takes to reach steady-state 

concentrations of C* and CO*. Given that effluent concentrations are lower prior to 

steady-state, a slow approach to steady-state is desirable. In this research approximately 

1000 hours of operation time was required to reach steady-state for all conditions except 

for AquaGuard GAC with LAW (Figure 4-2) where approximately 2000 hours were 

required. The underlying reason for the higher amount of operation time required to reach 

steady-state in the AquaGuard LAW experiment is discussed in Section 4.5.1. The onset 

of steady-state was defined to be the time of the first sampling point for which the two 

subsequent sampling points were within 0.03 C/C0 of one another for a given condition. 

All sampling points fitting the steady-state criterion were averaged (e.g., horizontal lines 

in Figure 4-1) to determine the steady-state effluent monochloramine concentration, 
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(C/C0)SS, for each GAC and background water at pH 8 (Table 4-1), pH 7 (Table 4-2), and 

pH 9 (Table 4-3). 

 

 

Table 4-1. Steady-state monochloramine concentrations, (C/C0)SS, in fixed-bed reactor 
experiments at pH 8 

(C/C0)SS
* 

Nutrient Water (NW) Lake Austin Water (LAW) GAC 

0.5† 1.0† 1.5† 0.5† 1.0† 1.5† 

F400 0.66 0.39 0.08 0.76 0.52 0.37 

F600 0.69 0.44 0.17 0.70 0.49 0.28 

Centaur 0.40 0.07 BD‡ 0.46 0.13 BD‡ 

AGC-MG 0.65 0.38 0.17 0.75 0.55 0.35 

AquaGuard 0.16 BD‡ BD‡ 0.64 0.25 BD‡ 
* 40×50 US mesh GACs; surface loading rate of 6.1 m/hr; pH 8; C0 = 2 mg/L as Cl2 
† Empty-bed contact time (EBCT) in minutes 
‡ Below detection limit of 0.04 mg/L as Cl2 
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Table 4-2. Steady-state monochloramine concentrations, (C/C0)SS, in fixed-bed reactor 
experiments at pH 7 

(C/C0)SS
* 

Nutrient Water (NW) Lake Austin Water (LAW) GAC 

0.5† 1.0† 1.5† 0.5† 1.0† 1.5† 

F400 0.48 0.22 0.08 0.63 0.35 0.16 

F600 0.58 0.31 0.14 0.61 0.30 0.10 

Centaur NM** NM** NM** 0.27 0.03 BD‡ 
* 40×50 US mesh GACs; surface loading rate of 6.1 m/hr; pH 7; C0 = 2 mg/L as Cl2 
† Empty-bed contact time (EBCT) in minutes 
‡ Below detection limit of 0.04 mg/L as Cl2 
** Not measured 

 

Table 4-3. Steady-state monochloramine concentrations, (C/C0)SS, in fixed-bed reactor 
experiments with nutrient water (NW) at pH 9 

(C/C0)SSNW
* 

GAC 
0.5† 1.0† 1.5† 

F400 0.77 0.54 0.35 

F600 0.77 0.56 0.32 
* 40×50 US mesh GACs; surface loading rate of 6.1 m/hr; pH 9; C0 = 2 mg/L as Cl2 
† Empty-bed contact time (EBCT) in minutes 
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Figure 4-2. Monochloramine dimensionless effluent concentration versus time profile for 
fixed-bed reactor experiment with 40×50 mesh AquaGuard GAC using Lake Austin 
water at pH 8 at empty-bed contact times of 0.5, 1.0, and 1.5 minutes. 

 

For applications that may require continuous and long-term monochloramine 

reduction, such as THM cometabolism in nitrifying biofilters (Wahman et al., 2005), 

design based on steady-state monochloramine concentrations is a practical design 

approach as such concentrations represent the most conservative estimate of GAC 

performance (i.e. the highest possible monochloramine concentration) for a given set of 

conditions. If two GACs had equal performance at steady-state, but the approach to 

steady-state was slower for one than the other, which did not occur in this research, then 

the GAC with the slower approach to steady-state would be better suited for a particular 

application. 
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In terms of steady-state monochloramine concentrations, AquaGuard and Centaur 

GACs achieved lower (C/C0)SS values than the other GACs, indicating that performance 

was a function of GAC type. F400, F600, and AGC-MG performed similarly to one 

another in both NW and LAW experiments. This result was partly unexpected as F400 

was developed for removal of taste and odor causing compounds, whereas AGC-MG is 

marketed for monochloramine removal in the production of water for kidney dialysis. 

For a given GAC and EBCT, the steady-state dimensionless effluent 

concentration, (C/C0)SS, was larger for the LAW experiments compared to the NW 

experiments, indicating that a loss in performance occurred as a result of constituents in 

LAW not present in NW. This difference is most apparent upon comparison of 

AquaGuard and Centaur GACs. While AquaGuard was superior to Centaur in the NW 

experiments, the converse was true for the LAW experiments. The primary difference 

between these two waters was the total organic carbon (TOC) concentration. The TOC 

concentration of LAW ranged between 2.5 and 3.5 mg/L over the course of the FBR 

experiments, while the TOC of NW was below the analytical detection limit of 0.2 mg/L 

for all of the samples measured. Many activated carbon researchers have found that 

natural organic matter (NOM), commonly quantified by measurement of TOC, competes 

for adsorption sites with various target compounds. One hypothesis for the decreased 

removal in the LAW experiments is that the chemicals comprising NOM in LAW 

adsorbed onto the GAC, resulting in blockage and/or constriction of the activated carbon 

pores, which in turn decreased the number of available reaction sites for monochloramine 

reduction. The impact of NOM is discussed in detail in Section 4.5.1. Regardless, these 

data demonstrate that the presence of NOM in the feed water impacts the various GACs 

to different degrees. 
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The effect of background water pH on monochloramine reduction by GAC was 

studied by performing separate experiments buffered at different pH values as well as by 

changing the influent pH during the course of a given experiment. The results from one 

such experiment are presented in Figure 4-3 for F600 GAC with NW. The steady-state 

C/C0 was the same for a given pH, regardless of prior pH conditions. Similar studies with 

F400 and Centaur GACs, which showed similar trends as Figure 4-3, are presented in 

Appendix A (Section A.1) and are summarized in Table 4-1 (pH 8), Table 4-2 (pH 7), 

and Table 4-3 (pH 9). 
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Figure 4-3. Monochloramine dimensionless effluent concentration versus time profile 
with F600 GAC at pH 7, 8, and 9 for fixed-bed reactor experiment using nutrient water at 
empty-bed contact times of 0.5, 1.0, and 1.5 minutes 

 

Trends with respect to background water pH shown in Figure 4-3 were typical of 

the selected GACs with both NW and LAW and indicate that the fraction of 
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monochloramine remaining at steady-state increased with increasing pH from pH 7 to 9 

(the likely range for chloramination). By comparing steady-state monochloramine 

reduction of F400 and F600 GACs in terms of pH (Table 4-1, Table 4-2, and Table 4-3), 

it can be concluded that the difference in performance between pH 7 and 8 is 

approximately equal to that between pH 8 and 9.  

Increasing the pH of LAW to pH 9 resulted in precipitation of solids in the form 

of white flocs in the influent line to the FBR studies. The formation of these solids, likely 

calcium carbonate (CaCO3) made operation of LAW experiments possible only at pH 7 

and 8. Precipitation of CaCO3 as a result of increasing the pH of LAW is in agreement 

with previous studies (Roalson et al, 2003) and thermodynamic calculations that verify 

that LAW was supersaturated with respect to CaCO3. However, based on the 

observations at pH 7 and 8 with LAW, taken together with the results of the NW studies, 

it is likely that steady-state monochloramine concentrations at pH 9 would be higher than 

at pH 8 with a natural water as well. 

Active chlorine reactions with GAC have been shown to be pH dependent. Suidan 

et al. (1977a) analyzed the effect of pH on reduction of free chlorine with GAC with a 

mathematical model and attributed increased chlorine removal at lower pH to the change 

in distribution of HOCl and OCl-. Kim et al. (1978b) showed that dichloramine reacts 

with activated carbon much faster than with monochloramine. As such, it was postulated 

that the presence of increasing amounts of dichloramine at lower pH could explain the 

results in the FBR studies. To test this hypothesis, the amount of dichloramine present in 

the FBR studies was determined using the kinetic model of Jafvert and Valentine (1992). 

This experimentally verified model described chloramine speciation as a function of pH, 

chlorine to nitrogen ratio, and time. In this research, the kinetic model was entered into 

MATLAB version 5 and used to determine the ratio of dichloramine to monochloramine 
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as a function of pH and chlorine to nitrogen (Cl:N) ratio at a reaction time of 5 minutes 

(Figure 4-4), the approximate time monochloramine was allowed to form prior to 

entering the FBRs. It was found that the specified reaction time was not critical, as the 

model was relatively insensitive to this parameter at the Cl/N ratio of the FBR studies 

(0.8 on a molar basis, equivalent to 4 mg Cl2/mg N). 
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Figure 4-4. Ratio of dichloramine to monochloramine as a function of pH and molar 
chlorine to nitrogen ratio (Cl/N) at 5 minute reaction time (calculated using MATLAB 
version 5 based on kinetic model developed by Jafvert and Valentine (1992)). 

As shown in Figure 4-4, the ratio of dichloramine to monochloramine increases 

with decreasing pH and increasing Cl:N ratio. As calculated by the Jafvert and Valentine 

model, the approximate ratios of dichloramine to monochloramine at a Cl:N of 0.8 for pH 

7, 8, and 9 were 0.01032, 0.00137, and 0.00020, respectively. As such, dichloramine 
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comprised less than 1% of the chloramine species in the FBR studies. While 

dichloramine-GAC reactions are faster than the monochloramine-GAC reaction (Kim et 

al., 1978b), it seems unlikely that chloramine speciation was responsible for the pH 

effects in this research. However, this possibility could not be eliminated. Alternatively, 

or perhaps in addition to, the trends with respect to pH could be due to changes in the 

GAC surface. For example, if the pKa of surface reaction sites (C* and CO* in equations 

2-4 and 2-5), are near the operating pH (pH 7 to 9), then increasing the degree of 

protonation (by decreasing the pH) could have increased the rate of monochloramine 

destruction reactions. The effect of pH on monochloramine reduction in terms of GAC 

surface groups is discussed further in Section 4.5.2. 

4.2.2.   Reaction product speciation 

Bauer and Snoeyink (1973) found that monochloramine reduction on GAC 

yielded two predominant nitrogenous reaction products – ammonia and nitrogen gas. One 

of the potential applications for this research would utilize nitrogenous by-products from 

monochloramine reduction to support growth of nitrifying bacteria (Wahman et al., 

2005). For this application, a high ammonia yield would be beneficial. In other 

applications, such as production of water to be used in fisheries, ammonia can be toxic to 

fish and thus a low ammonia yield would be desired. Figure 4-5 shows the amount of 

total reduced inorganic nitrogen (TRIN, i.e., ammonia and ammonium) produced as a 

function of monochloramine destroyed in a LAW study with AquaGuard GAC. Similar 

plots for all the GACs and background waters are shown in Appendix A (section A.2). 
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Figure 4-5. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with AquaGuard GAC and Lake Austin water 
at pH 8 

 

In contrast to the work of Kim (1977), the ratio of TRIN produced to 

monochloramine destroyed did not change over the course of an experiment (i.e., the 

reaction product speciation was the same both prior to and during steady-state for each 

GAC). The most likely reason for differences between Kim’s results and the results 

reported here is that the influent monochloramine concentrations were much higher in the 

previous work. The plots of TRIN produced versus monochloramine destroyed yielded 

linear relationships for all of the GACs with both NW and LAW. The slope of the least 

squares regression line (Figure 4-5) is an indication of the fraction of monochloramine 

destroyed that yielded TRIN. Similar plots for all the GACs are presented in Appendix A 

(section A.2). These results are summarized in Table 4-4 for the selected GACs and 
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indicate that at least 60% of the nitrogen produced from monochloramine destruction was 

in the form of ammonia-nitrogen. 

 

Table 4-4. Fraction of monochloramine destroyed that yielded total reduced inorganic 
nitrogen (TRIN) 

FTRIN
* 

GAC 
Nutrient Water Lake Austin Water 

F400 0.77 (0.12)† 1.07 (0.23)† 

F600 0.72 (0.17)† 0.72 (0.16)† 

Centaur 0.69 (0.11)† 0.79 (0.17)† 

AGC-MG 0.60 (0.10)† 0.71 (0.17)† 

AquaGuard 0.64 (0.11)† 0.75 (0.11)† 
* Fraction of monochloramine destroyed that yielded inorganic nitrogen 
† Values in parenthesis are 95% confidence intervals about the mean 

 

Hypothesis testing at the 95% confidence level was performed to test if the 

differences in regression line slopes were significant. Details of how the hypothesis tests 

were performed are given in Appendix A (Section A.2.3). Results from this analysis 

showed no statistically significant differences between the regression line slopes for the 

NW studies among the selected GACs. Conversely, for the LAW experiments, hypothesis 

testing of the regression slopes showed that while F600, Centaur, AquaGuard, and AGC-

MG yielded statistically similar amounts of ammonia-nitrogen per mole of 

monochloramine destroyed, F400 yielded more (p<0.05). While the mean ammonia 

yields were larger in the LAW studies compared to the NW studies, a result that is 

consistent with monochloramine auto-decomposition in the presence of NOM (Vikesland 
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et al., 1998), hypothesis testing showed no statistically significant differences in 

ammonia-nitrogen production between LAW and NW for a given GAC. 

Periodic measurements for nitrite and nitrate indicated that these compounds were 

not formed in significant amounts, and thus did not comprise the remainder of the 

nitrogen mass balance. The formation of nitrogen gas is a possibility that is consistent 

with the previously proposed reduction reactions (equation 2-5) but was not measured in 

these studies. Overall, these results indicate that reaction product speciation need not be 

considered when choosing among GACs for monochloramine removal. 

4.3.   MODELING 

The objective of the modeling was to simulate steady-state monochloramine 

reduction with GAC particle sizes used in full-scale drinking water filters for the 

conditions tested in the FBR studies. 

4.3.1.   Calibration 

The packed-bed monochloramine catalysis (MCAT) model of Kim (1977) was 

calibrated to the laboratory-scale results from the FBR experiments presented in Table 

4-1 and Table 4-2. Column characteristics (Table 4-5) were used together with the 

measured GAC pore volume (from analysis of N2 adsorption isotherms) and packed-bed 

density (Table 4-6) to obtain an appropriate value of f7 (equation 2-9) for a given 

condition (GAC, background water, and pH). 

MCAT model fits were performed on each GAC and background water are shown 

in Figure 4-6 (F400), Figure 4-7 (F600), Figure 4-8 (Centaur), Figure 4-9 (AGC-MG), 

and Figure 4-10 (AquaGuard). Data from FBR reactor studies below the detection limit 

of the monochloramine test (0.04 mg/L as Cl2) were not included in the model 

calibration. 
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Table 4-5. Column characteristics of laboratory-scale fixed-bed reactor studies used in 
calibration of monochloramine catalysis (MCAT) model 

Parameter Model Symbol Units Value 

Bed diameter dia cm 1.0 

Bed length xb cm 5.1, 10.2, 15.3 

Flow rate flow mL/min 8.0 

Influent Concentration cinf mg/L as Cl2 2.0 

Geometric mean GAC diameter dpart cm 0.035 

Bed porosity xporo - 0.30 

Effective solute diffusivity dc cm2/min 0.0009* 

Axial dispersion coefficient da cm2/min 3* 

Mass transfer coefficient xk cm/min 1000* 
* Source:  Kim (1977) 

 

Table 4-6. GAC characteristics of laboratory-scale fixed bed reactor studies used in 
calibration of monochloramine of monochloramine catalysis (MCAT) model 

Parameter 

(Model Input) 

Units F400 F600 Centaur AGC-MG AquaGuard

Pore Volume (xpv) cm3/g 0.54 0.31 0.36 0.48 1.06 

Packed-bed density 

(wconc) 

cm3/g 0.574 0.741 0.707 0.598 0.323 
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Figure 4-6. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F400 GAC at pH 7 and 8 with (A) Lake 
Austin water and (B) nutrient water 
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Figure 4-7. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F600 GAC at pH 7 and 8 with (A) Lake 
Austin water and (B) nutrient water 
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Figure 4-8. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh Centaur GAC at pH 7 and 8 with (A) 
Lake Austin water and (B) nutrient water 
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Figure 4-9. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AGC-MG GAC at pH 8 with Lake 
Austin water (LAW) and nutrient water (NW) 
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Figure 4-10. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AquaGuard GAC at pH 8 with Lake 
Austin water (LAW) and nutrient water (NW) 
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The values of fitted model rate constant, f7, for the selected GACs used to 

generate the model calibration fits are presented in Table 4-7. 

 

Table 4-7. Values of the fitted parameter, f7, in the monochloramine catalysis (MCAT) 
model 

f7 

Nutrient Water (NW) Lake Austin water (LAW) GAC 

pH 7 pH 8 pH 7 pH 8 

F400 0.3727 0.1551 0.1551 0.0388 

F600 0.3490 0.1551 0.3490 0.0873 

Centaur ND* 1.3960 3.1411 0.7853 

AGC-MG ND* 0.1551 ND* 0.0469 

AquaGuard ND* 2.1813 ND* 0.1963 
* Could not be determined because condition was not run during fixed-bed reactors 

studies 

 

While the fitted values of f7 vary considerably among the GACs and conditions 

studied, identical values were determined in four cases (f7=0.1551). The underlying 

reason for this result was due to the similarity of the FBR data for these conditions (Table 

4-1 and Table 4-2). For F400 GAC, the value of f7 was the same for NW at pH 8 and 

LAW at pH 7, because the corresponding FBR data were similar. Likewise, for F600 

GAC results from the FBR studies for NW at pH 7 and LAW at pH 7 were similar which 

was reflected in the fitted value f7. In terms of FBR performance, the higher the value of 

f7, the lower (C/C0)SS was for a given empty-bed contact time and set of conditions. The 
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value of f7 was higher for a given GAC at pH 7 than at pH 8 and, for a given pH, f7 was 

higher with nutrient water than Lake Austin water. 

Previous work had used the MCAT model to predict steady-state monochloramine 

reductions for influent concentrations used in drinking water treatment (Kim & Snoeyink, 

1980b). However, the model had only been previously verified experimentally at influent 

concentrations between 15 and 40 mg/L as Cl2. The calibrations in this research show the 

MCAT model adequately captured the effect of contact time and GAC type for 

experimental data corresponding to an influent monochloramine concentration of 2 mg/L 

as Cl2. To provide a measure of the goodness of fit of the model, the sum of residual 

squares between the model and the experimental data were calculated and are presented 

in Table 4-8. 

 

Table 4-8. Sum of residual squares between the MCAT model fit and the steady-state 
fixed-bed reactor results 

Normalized sum of residual squares† 

Nutrient Water (NW) Lake Austin water (LAW) GAC 

pH 7 pH 8 pH 7 pH 8 

F400 0.0003 0.007 0.0001 0.000 

F600 0.0003 0.003 0.0002 0.0003 

Centaur ND* 0.005 0.0002 0.0002 

AGC-MG ND* 0.0001 ND* 0.0003 

AquaGuard ND* 0.000 ND* 0.005 
* Not determined because condition was not run during fixed-bed reactors studies 
† Sum of residual squares divided by number of data points for a given condition 
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The MCAT captured the shape of the steady-state dimensionless effluent 

monochloramine curves vs. EBCT for F400, F600, and AGC-MG GACs. However, the 

fits for Centaur and AquaGuard showed that steady-state concentrations were under-

predicted at 0.5 minutes EBCT and over-predicted at 1.5 minute EBCT, which was 

reflected in their relatively large sum of residual squares. The underlying reason for the 

model not capturing the shape of the steady-state data for Centaur and AquaGuard GACs 

as effectively as the other GACs was not determined. However, the surface reaction 

expression used in the model was empirically developed based on steady-state effluent 

data with F400 GAC (Kim, 1977). Thus, modification for this expression could result in 

better fits for GACs like AquaGuard and Centaur, but for practical purposes it would be 

desirable to utilize the same rate expression for a range of GACs. Since the MCAT model 

adequately captured the effect of GAC type, pH, and source water over a wide variety of 

conditions, and reasonably good fits of the data were achieved with the existing empirical 

expression, no modifications were made. 

4.3.2.   Neglecting film diffusion 

Liquid film transport was neglected in the development of the MCAT model. 

Film diffusion is typically included in models describing adsorption of compounds onto 

GAC. In adsorption, typical adsorbates are hydrophobic and as such are predominantly 

on the GAC surface rather than in the pore water. Thus, surface diffusion predominates 

over pore diffusion, and the resistance to mass transport through the liquid film cannot be 

neglected as it may be on the same order as diffusion within the GAC particle. 

Conversely, in this research, adsorption of monochloramine onto GAC is very small, 

leading to negligible transport by surface diffusion. In addition, the kinetics of the 

monochloramine reaction with the GAC surface are slower than the kinetics of 

adsorption; in fact, adsorption kinetics are typically assumed to be instantaneous. Thus, 
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the slower diffusion and reaction kinetics within the GAC in this application allow liquid 

film transport to be neglected. 

Kim and Snoeyink (1980a) confirmed the assumption of negligible film resistance 

was valid in their NH2Cl-GAC packed bed model over the range of 2.4 to 22.0 m/hr [1 to 

9 gpm/ft2] for 12×20, 40×50, and 60×80 mesh Filtrasorb 400 (F400) activated carbon. 

Despite the fact that the FBR studies in this research were operated at 6.1 m/hr [2.5 

gpm/ft2] with 40×50 mesh GACs, the assumption of negligible film resistance was 

retested as some GACs used in this research had substantially higher reaction rates with 

monochloramine than those studied by Kim and Snoeyink (1980a). As such, the surface 

loading rate in selected FBR studies was varied for two experiments – one with AGC-

MG using LAW at pH 8 (Figure 4-11) and the other with Centaur using NW at pH 7 

(Figure 4-12). These experimental conditions were selected as they represent the slowest 

and fastest rate of monochloramine destruction, respectively. 
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Figure 4-11. Monochloramine dimensionless effluent concentration versus bed volumes 
fed with AGC-MG GAC at Reynolds (Re) numbers of 1, 2, and 4 for fixed-bed reactor 
study with pH 8 Lake Austin water at empty-bed contact times of 0.5 and 1.0 minute 
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Figure 4-12. Monochloramine dimensionless effluent concentration versus bed volumes 
fed for Centaur GAC at Reynolds (Re) numbers of 2 and 6 for fixed-bed reactor studies 
conducted at pH 7 using nutrient water at an empty-bed contact time of 0.5 minutes 

The insensitivity of monochloramine dimensionless effluent concentration to 

increases in the Reynolds number (Re) through doubling (Re = 4) and tripling (Re = 6) of 

the water flow rate, as shown in Figure 4-11 and Figure 4-12, indicated that film 

diffusion was negligible. Reynolds numbers in filter beds of drinking water plants 

typically range from 2 to 10, with the low range being important in terms of film 

diffusion. As such, the model formulation of Kim and Snoeyink (1980a) excluding film 

diffusion was concluded to be valid for all the activated carbons used in this research. 

 

4.3.3.   Simulations 

Kim (1977) verified the MCAT model in terms of accounting for GAC particles 

between 60×80 and 12×20 mesh sizes. He ran experiments with different particles sizes 

and showed that his calibration based on 60×80 mesh F400 accurately predicted 
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experimentally-verified steady-state concentrations in FBRs with 40×50 and 12×20 mesh 

particles. In this research, the MCAT model was used to predict steady-state 

monochloramine concentrations with 12×40 mesh size GACs, the most common 

commercially-available GAC mesh size. Model inputs used for the simulated full-scale 

filter and for the 12×40 mesh size GACs are listed in Table 4-9 and Table 4-10, 

respectively. Values of the rate constant (f7) used in model simulations do not change 

with particle size and are listed in Table 4-7. 

 

Table 4-9. Column characteristics of full-scale fixed-bed reactor used to make 
simulations with monochloramine catalysis (MCAT) model 

Parameter Model Symbol Units Value 

Bed diameter dia cm 4.73 

Bed length xb cm 5, 10, 15, 30, 45 

Flow rate flow mL/min 84 

Empty bed contact time - minutes 1.0, 2.1, 3.1, 6.3, 9.4 

Influent concentration cinf mg/L as Cl2 1.0, 2.0, 3.0 

Geometric mean GAC diameter dpart cm 0.084 

Bed porosity xporo - 0.40 

Effective solute diffusivity dc cm2/min 0.0009* 

Axial dispersion coefficient da cm2/min 3* 

Mass transfer coefficient xk cm/min 1000* 
* Source:  Kim (1977) 

 

Steady-state predictions are shown for LAW at pH 7 and 8 with F400 (Figure 

4-13), Centaur (Figure 4-14), F600 (Figure 4-15), and LAW at pH 8 only using AGC-
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MG (Figure 4-16) and AquaGuard (Figure 4-17). Similar plots for NW are presented in 

the Appendix (section A.4). LAW is a typical surface water source, containing moderate 

hardness, high alkalinity, and moderate TOC (Roalson et al., 2003). Thus, these figures 

can be used to predict the necessary EBCT required to achieve a given steady-state 

monochloramine concentration under typical drinking water treatment plant operating 

conditions for waters with similar characteristics. As expected based on the laboratory-

scale experiments, the simulations of full-scale performance indicate that Centaur GAC is 

more effective than the other GACs for a given condition. Additionally, for a given type 

of GAC, lowering the pH from 8 to 7 improves effectiveness of monochloramine 

removal. 

 

Table 4-10. GAC characteristics of full-scale fixed bed reactor used to make simulations 
with monochloramine catalysis (MCAT) model 

Parameter 

(Model Input) 

Units F400 F600 Centaur AGC-MG AquaGuard

Pore Volume (xpv)** cm3/g 0.54 0.31 0.36 0.48 1.06 

Packed-bed density 

(wconc) 

cm3/g 0.432* 0.630* 0.529* 0.441† 0.214‡ 

* Specified by Calgon Carbon Corporation, Pittsburgh PA 
† Specified by ResinTech Inc., West Berlin NJ 
‡ Based on volumetric measurement since information was not available from 

manufacturer (MeadWestvaco, Covington VA) 
** Measured in this research from analysis of N2 adsorption isotherms 
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A case study cited in the literature (Kim and Snoeyink, 1980b) was relevant to 

this research in terms of the operating conditions. The Davenport, Iowa water treatment 

plant used 0.6 m of 12×40 mesh F400 GAC to which coagulated and settled pH 7 river 

water was applied at 1.4 mm/s (approximately 7 minute empty-bed contact time). After 

one year of operation at an influent monochloramine concentration to the filter of 0.8 

mg/L as Cl2, filter effluent concentrations were between 0.1 and 0.25 mg/L as Cl2. Model 

predictions in this research with F400 GAC (LAW at pH 7 – Figure 4-13b) yielded a 

steady-state monochloramine concentration of 0.12 mg/L as Cl2 for these conditions, a 

reasonable estimate of the actual monochloramine concentration. 

The Laredo, Texas water treatment plant was sampled as part of this research 

effort at the University of Texas at Austin on February 20, 2004. This plant used 0.9 m of 

12×40 mesh F400 GAC to which coagulated and settled pH 8 river water was applied at 

1.4 mm/s (approximately 11 minute empty-bed contact time). Sampling was conducted at 

the plant on one day only. The plant operator estimated that the GAC filters had been in 

operation for one year. The monochloramine concentration at the filter influent was 0.7 

mg/L as Cl2; that of the filter effluent was below detection of the monochloramine test 

(0.04 mg/L as Cl2). The model predicted a steady-state monochloramine concentration of 

0.11 mg/L as Cl2 for these conditions. As such, the model simulation provided a 

conservative, but reasonable estimate of the actual monochloramine concentration in the 

filter effluent. A nitrogen balance on the Laredo filter indicated that nitrification may 

have been occurring which could have caused the increased chlorine demand. 
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Figure 4-13. Steady-state monochloramine effluent concentration profiles for 12×40 US 
mesh F400 GAC with Lake Austin water at (A) pH 8 and (B) pH 7 
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Figure 4-14. Steady-state monochloramine effluent concentration profiles for 12×40 US 
mesh Centaur GAC with Lake Austin water at (A) pH 8 and (B) pH 7 
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Figure 4-15. Steady-state monochloramine effluent concentration profiles for 12×40 US 
mesh F600 GAC with Lake Austin water at (A) pH 8 and (B) pH 7 
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Figure 4-16. Steady-state monochloramine effluent concentration profiles for 12×40 US 
mesh AGC-MG GAC with Lake Austin water at pH 8 
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Figure 4-17. Steady-state monochloramine effluent concentration profiles for 12×40 US 
mesh AquaGuard GAC with Lake Austin water at pH 8 



 75

For the selected GACs, a given influent monochloramine concentration and 

required effluent concentration, these figures can be used to estimate the required EBCT 

to sufficiently reduce monochloramine under steady-state conditions. For example, 

assuming a water similar to LAW at pH 8, an influent monochloramine concentration of 

2 mg/L as Cl2, and a required effluent concentration of 1 mg/L-Cl2, approximately 3.5 

minutes of EBCT would be required using 12×40 mesh F400 whereas only 1.0 minute 

would be needed using Centaur. 

 

4.3.4.   Suitability for full-scale applications 

In terms of enhanced monochloramine reduction, the use of GACs like Centaur 

would permit the use of much smaller filter beds or higher surface loading rates. 

However, the use of traditional GACs like F400 might be feasible if the benefits gained 

by steady-state operation (i.e., never having to replace the filter media) outweigh space 

and portability considerations. If only minimal monochloramine reduction is required, 

cost considerations and treatment objectives in addition to monochloramine destruction 

(if any) need to be evaluated in selecting the appropriate GAC for a given application. 

Based on the work of Kim (1977), Komorita and Snoeyink (1985) concluded that 

steady-state operation required impractically long contact times (or filter bed lengths) to 

meet the monochloramine standard for kidney dialysis water (0.1 mg/L as Cl2). A 

comparison of model-predicted steady-state monochloramine concentrations for 12×40 

mesh F400 GAC from this research (with NW) to that of Kim (1977) (with organic-free 

water) is shown in Figure 4-18. 
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Figure 4-18. Comparison of steady-state monochloramine concentrations with F400 GAC 
using nutrient water to that from Kim (1977) with organic-free water 

 

Figure 4-18 indicates that the model-predicted steady-state monochloramine 

concentration for a given EBCT was lower based on the calibration in this research than 

it was based on that of Kim (1977). The most likely reason for this discrepancy is that the 

calibration in this research was conducted using data from fixed-bed reactor experiments 

with an influent concentration of 2 mg/L as Cl2 (the influent concentration for the 

simulation in Figure 4-18), whereas influent concentrations in Kim’s works were between 

15 and 40 mg/L as Cl2. In terms of meeting the monochloramine standard for kidney 

dialysis using 12×40 mesh F400 GAC, between 6 and 10 minutes of EBCT was required 

based on the results in this research, whereas between 25 and 35 minutes of EBCT was 

required based on the work of Kim (1977). 
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The conclusion of Komorita and Snoeyink (1985) that impractically large contact 

times were required to meet treatment objectives for kidney dialysis was reassessed in the 

context of the results in this research. The MCAT model was used to estimate the 

required EBCT to reach 0.1 mg/L as Cl2 based on results of the FBR studies with LAW 

(Table 4-11) and NW (Table 4-12). 

 

Table 4-11. Estimated empty-bed contact time required to reach a steady-state 
monochloramine concentration of 0.1 mg/L as Cl2 with 12×40 mesh GACs using Lake 
Austin water 

Empty-bed contact time (minutes) 

pH 8  pH 7 GAC 

1.0* 2.0* 3.0*  1.0* 2.0* 3.0* 

F400 14.6 16.7 17.8  9.2 9.4 9.6 

F600 10.5 13.6 14.6  6.3 8.2 9.3 

Centaur 6.1 6.3 6.5  3.1 4.4 4.8 

AGC-MG 13.6 16.7 17.8  ND† ND† ND† 

AquaGuard 9.1 9.5 9.7  ND† ND† ND† 
* Monochloramine influent concentration in mg/L as Cl2 
† Not determined as a fixed-bed reactor study was not run for this condition 

 

Feasibility was assessed in terms of meeting the kidney dialysis standard using a 

typical filter configuration at a drinking water plant. Typical drinking water treatment 

plant filters are 90 cm in depth and operated with a surface loading rater between 4.9 and 

14.7 m/hr [2 and 6 gpm/ft2]. With these properties, a total EBCT between 4 and 11 

minutes is available. It is likely that such an estimate is conservative in terms of 
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applications such as THM cometabolism where permissible monochloramine 

concentrations are likely higher than 0.1 mg/L as Cl2. 

 

Table 4-12. Estimated empty-bed contact time required to reach a steady-state 
monochloramine concentration of 0.1 mg/L as Cl2 with 12×40 mesh GACs using nutrient 
water 

Empty-bed contact time (minutes) 

pH 8  pH 7 GAC 

1.0*  2.0* 3.0*  1.0* 2.0* 3.0* 

F400 9.2 9.4 9.6  6.1 6.5 7.5 

F600 9.3 10.5 12.0  6.3 8.2 9.3 

Centaur 5.3 6.2 6.5  ND† ND† ND† 

AGC-MG 9.2 9.4 9.6  ND† ND† ND† 

AquaGuard 3.8 4.0 4.2  ND† ND† ND† 
* Monochloramine influent concentration in mg/L as Cl2 
† Could not be determined as a fixed-bed reactor study was not run for this condition 

 

The results in Table 4-11 and Table 4-12 indicate that Centaur GAC could likely 

meet the kidney dialysis criteria for a range of monochloramine influent concentrations 

and background waters. AquaGuard would be more effective than Centaur with organic-

free waters, but less effective when NOM is present in the background water. Under low 

surface loading rates (such that at least 9 minutes of EBCT were available), all GACs 

studied could likely meet the monochloramine standard provided that the background 

water pH was around 7. The results indicate that pH adjustment of the influent water may 

be a practical way to substantially reduce the required filter size. 
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4.4.   ACTIVATED CARBON CHARACTERIZATION 

The objective of the activated carbon analyses was to characterize the physical 

and chemical properties of the GACs in order to provide a framework from which to 

interpret the results from the FBR experiments from a fundamental standpoint. 

4.4.1.   Physical characterizations 

Physical characteristics of the virgin GACs were quantified by analysis of N2-

adsorption isotherms. Figure 4-19 shows the N2 adsorption isotherms for F400, F600, 

Centaur, and AquaGuard GACs (that for AGC-MG was very similar to F400 and is 

presented in Appendix A.5). 
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Figure 4-19. N2 adsorption isotherms of F400, F600, Centaur, and AquaGuard GACs 
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By IUPAC classification, the adsorption isotherms of all GACs in this research 

were of Type 1, indicative of microporous solids, characterized by a nearly horizontal 

plateau that cuts the p/p0 = 1 axis sharply or “tail” as the saturation pressure is 

approached (Gregg & Sing, 1982). The volume of nitrogen adsorbed for a given relative 

pressure was very similar for all GACs except AquaGuard that adsorbed approximately 3 

times that of the other GACs. This result indicated that AquaGuard had a much higher 

surface area and pore volume on a mass basis compared to the other GACs. Using these 

isotherms, the BET surface area, surface area distribution, and pore volume of each GAC 

were calculated and are presented in Table 4-13 along with results for F400 from 

Dastgheib et al. (2004) for comparison. While the BET method was used to determine 

total specific surface area in this research, and is the most common approach used to 

quantify surface area of activated carbons, these values need to be interpreted with 

caution since the adsorption of N2 is to a large extent due to micropore filling (Gregg & 

Sing, 1982). However, BET surface areas are useful to get an estimate of relative changes 

among the GACs studied (Stoehr et al., 1991). Density functional theory (DFT) was used 

to determine the specific surface area distribution as a function of pore size (Olivier et al., 

1995) and is well-suited for analysis of microporous samples. Pore size distributions were 

separated into four categories corresponding to surface area contained within pores 

greater than 1 nm, 2 nm, 3 nm, and 4 nm. 
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Table 4-13. Physical characteristics of the virgin granular activated carbons (GACs) on a 
mass basis 

Surface area (m2/g) Pore volume 

(cm3/g) GAC 

BET*, DFT† >1 nm† >2 nm† >3 nm† >4 nm† Total Micro

F400 1090,  980 212 29 9 7 0.54 0.43 

F600 710,   720 84 2 1 1 0.31 0.29 

Centaur 850,   810 133 7 1 1 0.36 0.34 

AGC-MG 1090, 970 211 20 2 2 0.48 0.43 

AquaGuard 1810,  1280 731 254 83 24 1.06 0.73 

F400‡ 1035,  NR** 208 NR** NR** NR** 0.55 0.40 
* Brunaur-Emmett-Teller isotherm (Gregg 1982) 
† Calculated using DFT software (Micromeritics, Norcross GA) 
‡ Dastgheib et al. (Dastgheib et al., 2004) 
** Not reported 

 

The physical parameters of F400 in this research are in good agreement with the 

results from Dastgheib et al. (2004), and indicate that suitable surface area and pore 

volume analyses were used for the GACs. These authors tailored activated carbons with 

various chemicals, including ammonia gas treatment similar to the preparation of Centaur 

and AquaGuard GACs. They found that ammonia gas treatment at high temperatures 

enlarged carbon pores considerably by surface etching. The patents for AquaGuard 

(Baker & Byrne, 2004) and Centaur (Matviya & Hayden, 1994) showed similar 

temperature conditions were used in activation (between 700 and 950°C). However, from 
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the results in Table 4-13, AquaGuard had a substantial fraction of larger pores compared 

to Centaur. As such, it is likely that additional factors such as raw material type and 

activation gas composition can influence pore size distribution. 

To allow for straightforward comparison of the physical properties relevant to the 

FBR studies, the amount of GAC surface area and pore volume in each column was 

calculated by multiplying the values in Table 4-13 by the product of the measured 

packed-bed density for the corresponding GAC (Table 4-6) and the column volume 

(calculated from bed diameter and bed lengths given Table 4-5). The physical 

characteristics of the virgin GACs on a column volume basis are presented in Table 4-14. 

Using the values presented in Table 4-14, for example, the BET surface area of F400 

corresponding to an EBCT of 0.5 minutes was determined by multiplying 626 m2/cm3 by 

the corresponding column volume of 4 cm3 (1.0 cm bed diameter, 5.1 cm bed length). 

 

Table 4-14. Physical characteristics of the virgin granular activated carbons (GACs) on a 
column volume basis 

Surface area (m2/cm3) Pore volume (cm3/cm3) 
GAC 

BET* >1 nm† >2 nm† >3 nm† >4 nm† Total Micropore

F400 626 122 16 5 4 0.310 0.247 

F600 526 63 1 1 1 0.230 0.215 

Centaur 601 94 5 1 0 0.255 0.240 

AGC-MG 652 126 12 1 1 0.287 0.257 

AquaGuard 585 236 82 27 8 0.342 0.236 
* Brunaur-Emmett-Teller isotherm (Gregg 1982) 
† Calculated DFT software (Micromeritics, Norcross GA) 
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The physical parameters of the virgin GACs were more similar on a volume basis 

as compared to a mass basis (Table 4-14 and Table 4-13, respectively), a result due to 

their relative packed-bed densities (Table 4-6). Nevertheless, on a volume basis, BET 

surface areas among the GACs varied by approximately 20%, total pore volumes by 

30%, and micropore volumes by 15%. Additionally, the surface area distributions for the 

virgin GACs vary considerably. Such distributions can be important as target compounds 

can be prevented from accessing portions of a GAC by pore blockage and constriction. 

While a substantial fraction of the surface area of all GACs in this research was contained 

in pores less than 1 nm in width, AquaGuard has a relatively large amount of surface area 

contained within pores greater than 2 nm in width (~20%) compared to the other GACs 

(< 4%). 

4.4.2.   Chemical characterizations 

Catalytic properties of activated carbon are controlled in part by the chemical 

nature of its surfaces, which is a function of heteroatom composition (Snoeyink & 

Weber, 1967). Since previous research (Bauer & Snoeyink, 1973) has shown that surface 

oxides form on activated carbon as a result of monochloramine reduction, oxygen content 

of the GACs was quantified. Nitrogen content was also determined because Centaur and 

AquaGuard GACs are exposed to ammonia-containing gases during activation, and this 

process has been postulated to result in the formation of primary amine groups (Chou, 

1986), and lactams and imides (Jansen & Bekkum, 1994). Stoehr et al. (1991) quantified 

the catalytic activity of activated carbons for oxidation of H2SO3. They found that 

activation with ammonia gases increased the catalytic activity of activated carbon. 

Further, the catalytic activity for H2SO3 increased with increasing temperature of 

activation from 500 to 900°C. In terms of NOM uptake, electrostatic properties can be 
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important due to NOM’s strong negative charge (Summers & Roberts, 1988; Karanfil et 

al., 1999).  

Chemical properties are typically characterized by measurement of the pH of 

point of zero charge (pHPZC) and by quantifying the acid and base surface groups. The 

pHPZC of virgin F400 and Centaur GACs is presented in Figure 4-20. Similar plots for the 

other GACs are shown in Appendix A (section A.5). 

As expected, the mean zetapotential increased with decreasing solution pH. Using 

this technique, the pHPZC was able to be determined within 0.3 pH units for each GAC. 

For example, based on Figure 4-20, the pHPZC for F400 was determined to be between pH 

6.7 and 7.0 and that for Centaur was between pH 3.4 and 3.7. The pHPZC of all the GACs 

studied is presented in Table 4-15. 

To further characterize acid and base properties of the GACs, uptake titrations 

were performed. An example set of titration curves for Centaur GAC is presented in 

Figure 4-21. Titration curves for the other GACs are shown in Appendix A (section 

A.5.2). 
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Figure 4-20. Mean Zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of F400 and Centaur GACs in a KCl background electrolyte. 
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Figure 4-21. Acid and base uptake titration curves for the Blank and Centaur GAC for 
(A) HCl uptake with 0.05 N NaOH and (B) NaOH uptake with 0.05 N HCl 
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The difference in acid and base uptake to pH 7 between the GAC and the blank 

was converted to milli-equivalents per gram of GAC. These values are presented in Table 

4-15 along with the elemental composition of the virgin GACs determined by XPS. 

 

Table 4-15. Chemical characteristics of the virgin granular activated carbons (GACs) 

Electrostatic Properties Elemental Composition* 

GAC 
pHPZC

† 
HCl uptake 

(meq/g) 

NaOH uptake 

(meq/g) 
O1s N1s C1s 

F400 6.7-7.0 0.40 0.25 9.19 0.37 90.44 

F600 6.7-7.0 0.40 0.20 9.21 0.43 90.36 

Centaur 3.4-3.7 0.60 0.05 7.17 0.52 92.32 

AGC-MG 3.5-3.8 0.40 0.20 6.95 0.53 92.52 

AquaGuard 5.4-5.7 0.50 0.20 5.21 1.26 93.53 

F400‡ 8.5 0.411 0.238 7.2 0.5 92.3 
* Elemental analysis data of oxygen (O1s), nitrogen (N1s), and carbon (C1s) were 

obtained from XPS and represent the atomic percentage of the elements 
† pH of the point of zero charge measured with the Zetaphoremeter (CAD, France) 
‡ Dastgheib et al. (Dastgheib et al., 2004) 

 

The acid and base uptakes and the elemental compositions of F400 in this 

research were in good agreement with those determined by Dastgheib et al. (2004). The 

difference in the pHPZC for F400 (6.7-7.0 in this research, 8.5 by Dastgheib et al. (2004)) 

was mostly likely a result of the different methods used. Dastgheib et al. (2004) used a 

pH drift technique to measure the point of zero charge, where the PZC is inferred to be 
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the pH at which solutions of GAC particles did not change after acid/base equilibration. 

In this research, a zetaphoremeter was used, which directly measured the surface charge. 

The high pHPZC of AquaGuard relative to AGC-MG is in contrast to the notion that lower 

oxygen content is indicative of higher surface basicity. These results seem to indicate that 

surface acidity is not necessarily coupled with bulk oxygen content of the surface, but 

might also be a result of the type and nature of these functional groups. 

Both AquaGuard and Centaur were activated with ammonia-containing gases, and 

thus it was expected that both would have relatively high nitrogen contents. While 

AquaGuard had relatively high nitrogen content, that for Centaur was lower and similar 

to the other GACs. Raw material type might in part explain these observations, given that 

AquaGuard is a wood-based GAC while the others are made from mixed-grades of 

bituminous coal. 

As with the physical properties, the chemical properties determined on a unit 

mass basis were converted to a column volume basis by multiplying by their respective 

packed-bed densities (Table 4-6). Acid and base uptake on a column volume basis for the 

selected GACs is presented in Table 4-16. 

Table 4-16. Quantity of acid and base groups on the virgin granular activated carbons 
(GACs) on a column volume basis 

GAC HCl uptake (meq/cm3) NaOH uptake (meq/cm3) 

F400 0.23 0.14 

F600 0.30 0.15 

Centaur 0.42 0.04 

AGC-MG 0.24 0.12 

AquaGuard 0.16 0.06 
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The results in Table 4-15 and Table 4-16 show that F400 and F600 GACs have 

similar chemical compositions. While AGC-MG has similar acid and base properties to 

these GACs, its pHPZC was substantially lower which is reflected further in fewer oxygen-

containing surface groups (Table 4-15). Centaur and AquaGuard had the highest amount 

of basic surface groups on a mass basis (as indicated by the HCl uptake), an expected 

result given that these activated carbons were exposed to ammonia-containing gases 

during activation. However, while Centaur has the largest amount of basic groups on a 

volume basis, AquaGuard had the fewest due to its relatively low packed-bed density. 

Centaur and AquaGuard do have relatively few acidic groups (on a volume basis), a 

property which has been attributed to increased catalytic activity (Chou, 1986). 

4.5.   COMPARISONS OF SYSTEM-LEVEL AND MOLECULAR-LEVEL RESULTS 

4.5.1.   Impact of natural organic matter 

4.5.1.1 Fixed-bed reactor studies 

Continuous-flow FBR studies were used to quantify monochloramine reduction 

with the five selected GACs and the two background waters at empty-bed contact times 

of 0.5, 1.0, and 1.5 minutes. Plots of monochloramine dimensionless effluent 

concentration versus operation time are presented in Figure 4-22 for AGC-MG and 

AquaGuard GACs with NW and LAW at pH 8 and an empty-bed contact time (EBCT) of 

0.5 minutes. The dissolved organic carbon (DOC) concentration of the filtered LAW 

throughout the FBR experiments was between 2.5 and 3.5 mg/L, whereas that for NW 

was below the detection limit of the analyzer (0.2 mg/L). 
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Figure 4-22. Monochloramine dimensionless effluent concentration versus time in fixed-
bed reactor studies with AGC-MG and AquaGuard GACs using nutrient water (NW) and 
Lake Austin water (LAW) at pH 8 and an empty-bed contact time of 0.5 minutes 

 

As established by previous research with organic-free water (Kim, 1977), 

monochloramine effluent profiles in FBRs reached steady-state following a period of 

higher removal. For all GACs and background waters, the time to reach steady-state was 

less than 1300 hours, except for AquaGuard GAC with LAW where approximately 2200 

hours was needed. It is further evident from Figure 4-22 that the difference in steady-state 

concentrations between the two background waters was much greater for AquaGuard 

than for AGC-MG. Nevertheless, steady-state was reached using all five GACs with 

LAW, indicating that there was some fraction of monochloramine reduction reaction sites 

in each GAC that remained available despite continuous loading with NOM. To quantify 
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the impact of NOM, steady-state monochloramine effluent concentrations for NW were 

subtracted from that for LAW for each GAC and EBCT and presented in Table 4-17. 

 

Table 4-17. Steady-state monochloramine concentration differences (CSSLAW-CSSNW ) in 
fixed-bed reactor studies with Lake Austin water (LAW) and nutrient water (NW),  

CSSLAW-CSSNW (mg/L as Cl2)* 
GAC 

0.5 min EBCT† 1.0 min EBCT † 1.5 min EBCT † 

F400 0.19 0.27 0.59 

F600 0.02 0.09 0.22 

Centaur 0.12 0.12 ND‡ 

AGC-MG 0.21 0.34 0.37 

AquaGuard 0.96 ND‡ ND‡ 
* 40×50 US mesh GACs; monochloramine influent concentration of 2 mg/L as Cl2 and 

pH 8.0 ± 0.2 
† Empty-bed contact time in fixed-bed reactor studies measured in minutes 
‡ Not able to be determined as CSSNW was below detection limit of 0.04 mg/L as Cl2 

 

These data highlight the significant decrease in monochloramine reduction at 

steady-state (expressed as a concentration of monochloramine in mg/L as Cl2) in the 

LAW experiments compared to the NW experiments. The higher the value in Table 4-17, 

the greater the detrimental impact of natural water. In order of increasing impact, the 

GACs could be clearly separated as follows: (1) F600 and Centaur, (2) F400 and AGC-

MG, and (3) AquaGuard. Values in Table 4-17 could not be determined for AquaGuard 

at 1.0 minute EBCT and AquaGuard and Centaur at 1.5 minute EBCT because the 
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monochloramine concentrations in the NW studies were below detection (0.04 mg/L as 

Cl2). 

4.5.1.2 Role of physical characteristics 

The physical characteristics of the virgin GACs on a column volume basis are 

presented in Table 4-14. Linear least squares regression analyses were conducted 

between (CSSLAW-CSSNW) (Table 4-17) and each surface area and pore volume parameter 

and shown in Figure 4-23 and Figure 4-24. 
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Figure 4-23. Steady-state monochloramine dimensionless effluent concentration in fixed-
bed reactor studies for each selected GAC with Lake Austin water (LAW) minus that 
with nutrient water (NW), CSSLAW-CSSNW, versus surface area contained in pores greater 
than (A) 1 nm in width, (B) 2 nm in width, (C) 3 nm in width, and (D) 4 nm in width. 
Solid lines are linear least square best fit and dashed lines are corresponding 95% 
confidence intervals. 
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Figure 4-24. Steady-state monochloramine dimensionless effluent concentration in fixed-
bed reactor studies for each selected GAC with Lake Austin water (LAW) minus that 
with nutrient water (NW), CSSLAW-CSSNW, versus (A) BET surface area, (B) total pore 
volume, (C) mesopore volume, and (D) micropore volume. Solid lines represent linear 
least square best fit and dashed lines are corresponding 95% confidence intervals. 

 

A summary of the corresponding correlation coefficients is presented in Table 

4-18. The strongest correlation (r2=0.94) was found with surface area contained in pores 

greater than 2 nm in width (Figure 4-23b). This result is in agreement with previous 

isotherm studies that showed that uptake of dissolved humics (fraction that passed a 0.45-

µm filter) increased with increasing GAC surface area contained within pores greater 

than 2 nm in width (Karanfil et al., 1999). 
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Table 4-18. Correlation coefficient, r2, between CSSLAW-CSSNW for all selected GACs 
collectively and stated fractions of surface area or pore volume 

Parameter on a Column Volume Basis* Correlation coefficient†, r2 

BET Surface Area 0.03 

DFT Surface Area > 1 nm 0.38 

DFT Surface Area > 2 nm 0.94 

DFT Surface Area > 3 nm 0.87 

DFT Surface Area > 4 nm 0.53 

Total Pore Volume 0.09 

Mesopore‡ Volume 0.49 

Micropore** Volume 0.03 
* Determined as the product of the specific surface area from BET or DFT analysis, the 

measured packed-bed density for each GAC, and the column volume from the fixed-bed 

reactor studies 
† Determined from linear least squares regression analysis between (CSSLAW-CSSNW) and 

the corresponding physical parameter on a column volume basis 
‡ Pore diameters between 20 and 500 Å 
** Pore diameters less than 20 Å 

 

While the correlation coefficient with DFT surface area greater than 3 nm in 

width was also quite good (r2=0.87), the weight of evidence between that with pores 

greater than 2 nm (r2=0.94) and previous research (Karanfil et al., 1999; Karanfil et al., 

2006) suggests that pores between 2 and 3 nm were available for NOM uptake. The 

correlation coefficients in Table 4-18 indicated that a large fraction of pores between 1 

nm and 2 nm in width were not impacted by NOM, indicating that pores less that 2 nm in 
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width were largely inaccessible to NOM. Thus, it was not surprising that (CSSLAW-CSSNW) 

was uncorrelated with BET surface area (r2=0.03) since the majority of surface area in all 

the selected GACs (>80%) was contained within pores less than 2 nm in width. Given 

that only pores with widths greater than 2 nm were accessible to NOM, the FBR 

experiment with AquaGuard using LAW (Figure 4-22) took almost twice as long to reach 

steady-state than the others (2200 hours versus 1300 hours) because of the relatively 

large amount of pores greater than 2 nm in width (Table 4-14). These pores simply 

required a longer period of time to succumb to the effects of NOM and, hence, reach 

steady-state with respect to monochloramine destruction. 

Table 4-14 and Table 4-17 show that even a small amount of surface area 

contained within pores greater than 2 nm can have a substantial detrimental impact on the 

monochloramine reduction process as a result of NOM uptake. The BET surface areas of 

F400 and Centaur GACs following the FBR studies with LAW were 940 and 850 m2/g, 

respectively. Compared to their respective virgin GACs (Table 4-13), F400 surface area 

decreased by 150 m2/g while Centaur was unchanged. Given that the impact of NOM was 

greater on F400 than Centaur (Table 4-17), this result supports pore blockage as a 

mechanism of limiting monochloramine reduction. For F400, the DFT analysis showed 

that 150 m2/g of surface area was contained within pores greater that 1.2 nm, which 

appeared to be inconsistent with the 2 nm result determined from the correlations in 

Table 4-18. However, N2 adsorption at 77 K for carbon loaded with humics has been 

found to produce artificially low measures of the available surface area due to humic 

rigidity at 77 K (Kwon & Pignatello, 2005). Thus, while it is likely that 150 m2/g was an 

overestimate of the surface area of F400 lost due to preloading by NOM, this result is 

supportive of blockage of pores greater than 2 nm in width. Additionally, given that the 

surface area of Centaur was not reduced by preloading effects, the decrease in steady-
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state performance with LAW, albeit relatively small, could have been due to NOM 

shielding or altering reactive sites or providing additional diffusional resistance to 

monochloramine. Such mechanisms are supported by the deviation of the F600 data from 

the best-fit line in Figure 4-23b and indicate that mechanisms other than pore blockage 

may be important for GACs with little surface area in pores greater than 2 nm in width. It 

is also likely that monochloramine can only access pores greater than some minimum 

width because of diffusional limitations, and thus some fraction of pores is unavailable 

regardless of the organic matter content of the water. Hence, it is reasonable that a 

seemingly small amount of pores greater than 2 nm in width exerted a significant 

deleterious impact on the monochloramine reduction process. 

 

4.5.1.3 Role of chemical characteristics 

The chemical characteristics of the virgin GACs are presented in Table 4-15. 

While the pHPZC of these GACs varied considerably (from pH 3.5 to 7.0), all GACs were 

negatively charged at the operating pH of the FBR studies for which NOM uptake was 

analyzed (pH 8). The pHPZC of F400 and F600 GACs from LAW and NW column studies 

were also measured (Figure 4-25). Only these GACs were measured following the FBR 

studies because the pHPZC of their virgin samples was similar to one another and 

relatively high compared to the other GACs but the effects of preloading were much 

different (Table 4-17). 
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Figure 4-25. Mean zeta potential (error bars represent the upper and lower 95th percentile 
about the mean) for virgin GACs and that from fixed-bed reactor studies with Lake 
Austin water (LAW) and nutrient water (NW) for (A) F400 and (B) F600 
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From Figure 4-25, the pHPZC of virgin F400 and F600 GACs was between 6.7 and 

7.0, while after the LAW column study it decreased to approximately pH 2.0. For F600, 

this decrease could be attributed solely to NOM as the pHPZC after the NW column study 

was similar to that of the virgin sample. However, the pHPZC of F400 from the NW 

column study was between 4.7 and 5.0, possibly due to the formation of a precipitate in 

the pores. The most likely precipitate based on saturation conditions of NW is calcium 

hydroxyapatite (pHPZC between 4.1 and 6.1) (Smiciklas et al., 2000). While SEM/EDS 

analyses of F400 and F600 GACs did not indicate the presence of calcium or phosphorus 

following the NW studies, such a precipitate could be present in the pores of F400 which 

were too small to resolve. For the GACs following the LAW experiments, the pHPZC 

appears to be dominated by the surface charge of NOM. The decrease in pHPZC for the 

LAW studies is in agreement with previous work that showed that adsorbed NOM 

imparted a negative surface charge to GACs, even after adsorption of relatively small 

amounts (Morris & Newcombe, 1993; Newcombe, 1994). Thus, it is not unreasonable 

that, despite the relatively small impact of NOM on F600 GAC, its pHPZC shifted 

dramatically. Given that the pHPZC of the other virgin GACs (Centaur, AGC-MG, and 

AquaGuard) were between pH 3.4 and 5.7 (Table 4-15), it is likely that all GACs were 

negatively charged throughout the LAW FBR studies, even prior to the onset of steady-

state. Since NOM is also negatively charged, it can be concluded that NOM uptake was 

not favorable based on surface charge alone during the preloading phase of FBR studies 

with LAW. 

The acid and base character of the virgin GACs was determined by uptake 

titration and reported in Table 4-15. Multiplying these values by the product of the 

measured packed-bed density for the corresponding GAC and the column volume yielded 

the number (in equivalents) of acid and base groups in the columns. Figure 4-26 shows 
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the measure of NOM impact, (CSSLAW-CSSNW), plotted against the number of acidic (r2= 

0.01) and basic (r2=0.04) groups in the columns. 

These correlations suggest that the interference caused by NOM uptake by GAC 

was not dependent on the number of acid and base groups present on the virgin GACs. 

Taken together with the pHPZC results, it is evident that electrostatic surface properties of 

the virgin GACs were not important in terms of the amount of interference caused by 

NOM on the monochloramine reduction process. 

4.5.1.4 Relative importance of physical and chemical characteristics 

Comparison of discrete pairs of GACs in terms of the degree of NOM impact 

(Table 4-18) to physical (Table 4-14) and chemical (Table 4-15) characteristics of the 

GACs, facilitated assessment of the relative importance of pore structure and surface 

chemistry with respect to NOM interference in the monochloramine reduction process. 

The following comparisons are noteworthy, with mesopores defined as pores greater than 

2 nm in width: 

• F400 vs. F600: F400 fouled more; F400 contained more mesopores; 

similar electrostatic properties 

• AquaGuard vs. AGC-MG: AquaGuard fouled more; AquaGuard contained 

more mesopores; similar electrostatic properties 

• F400 vs. AGC-MG: similar degree of fouling; similar pore size 

distributions; dissimilar electrostatic properties 

• F600 vs. Centaur: similar degree of fouling; similar pore size distributions; 

dissimilar electrostatic properties 
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Figure 4-26. Steady-state monochloramine dimensionless effluent concentration in fixed-
bed reactor studies for each selected GAC with Lake Austin water (LAW) minus that 
with nutrient water (NW), CSSLAW-CSSNW, versus (A) total acidic functional groups and 
(B) total basic functional groups. Solid lines represent linear least square best fit and 
dashed lines are corresponding 95% confidence intervals. 
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The unifying principals highlighted in these four comparisons are manifested in 

Figure 4-23b and Figure 4-26. The impact of NOM on the monochloramine reduction 

process, quantified as (CSSLAW-CSSNW), is a strong function of GAC pore size distribution 

and independent of surface charge and acid and base characteristics. 

Based on the results of previous research (Summers & Roberts, 1988), an increase 

in solution ionic strength (estimated to be 8 mM for LAW based on the work of Gerwe 

(2003)) would likely increase the degree of fouling on each GAC as a result of (1) 

decreasing the effective size of NOM making pores smaller than 2 nm in width accessible 

and (2) an increase in NOM uptake on a surface area basis as a result of a decrease in the 

size of the region influenced by electrostatic repulsion between NOM and the negatively-

charged GACs. Logically, the opposite would hold true for a decrease in solution ionic 

strength. While the size exclusion results are consistent with previous research (Ogino et 

al., 1987; Summers & Roberts, 1988; Karanfil et al., 1996; Newcombe et al., 1997; 

Karanfil et al., 1999; Dastgheib et al., 2004), the apparent insensitivity of surface 

chemistry effects in this research does not necessarily contradict the generally accepted 

understanding that acid and base functional groups coupled with surface charge are 

important in NOM uptake, but rather indicates that for the FBR experiments detailed in 

this research, pore structure effects overwhelmed those of surface chemistry. 

4.5.2.   Monochloramine reduction 

4.5.2.1 Role of physical characteristics 

The physical properties of the virgin activated carbons on a column volume basis 

(Table 4-14) were compared to steady-state monochloramine reduction in the FBR 

studies (Table 4-1). In Table 4-19, correlation coefficients are presented between various 

fractions of the surface area distributions for all five GACs collectively and their 
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corresponding steady-state monochloramine reductions in the fixed-bed reactor 

experiments. The results from this analysis indicated that neither surface area nor pore 

volume alone controlled steady-state monochloramine reduction. For example, Centaur 

was superior in terms of monochloramine reduction but had less surface area and pore 

volume than F400 and AGC-MG. 

 

Table 4-19. Correlation coefficient, r2, between CSSNW or CSSLAW for all selected GACs 
collectively and stated fractions of surface area 

Correlation coefficient†, r2 
Parameter on a Column Volume Basis*

CSSNW CSSLAW 

BET Surface Area 0.47 0.43 

DFT Surface Area > 0.5 nm 0.48 0.52 

DFT Surface Area > 1.0 nm 0.51 0.27 

DFT Surface Area > 1.5 nm 0.29 0.09 
* Determined as the product of the specific surface area, the measured packed-bed density 

for each GAC, and the column volume from the fixed-bed reactor studies 
† Determined from linear least squares regression analysis between either CSSNW or 

CSSLAW and the corresponding physical parameter on a column volume basis 

 

The results in Table 4-19 indicate that steady-state monochloramine reduction 

was not a direct function of the physical GAC characteristics (r2 < 0.52). However, by 

comparing monochloramine performance of GACs with similar chemical characteristics, 

the contribution of physical characteristics could be inferred. F400 and F600 had similar 

chemical properties (Table 4-15 and Table 4-16). Correlation coefficients for these two 
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GACs between steady-state monochloramine reduction and various fractions of their 

respective surface areas were calculated and presented in Table 4-20. 

 

Table 4-20. Correlation coefficient, r2, between CSSNW or CSSLAW for F400 and F600 
GACs only and stated fractions of surface area 

Correlation coefficient†, r2 
Parameter on a Column Volume Basis* 

CSSNW CSSLAW 

BET Surface Area 0.99 0.83 

DFT Surface Area > 0.5 nm 0.97 0.97 

DFT Surface Area > 1.0 nm 0.71 0.39 

DFT Surface Area > 1.5 nm 0.35 0.09 

DFT Surface area between 0.5 and 2.0 nm 0.95 0.98 
* Determined as the product of the specific surface area, the measured packed-bed density 

for each GAC, and the column volume from the fixed-bed reactor studies 
† Determined from linear least squares regression analysis between either CSSNW or 

CSSLAW and the corresponding physical parameter on a column volume basis 

 

Correlations coefficients (r2>0.95) between CSSNW and BET surface area, DFT 

surface area in pores greater than 0.5 nm, and that in pores between 0.5 and 2.0 nm 

(Table 4-20) indicated that, for GACs with similar chemical characteristics, increasing 

surface area promoted steady-state monochloramine reduction. Given the molecular 

dimensions of monochloramine (Figure 2-1), pores less than 0.5 nm in width presumably 

contributed very little, if any, to monochloramine catalysis due to diffusion limitations. In 

terms of CSSLAW, strong correlations were found with surface area in pores above 0.5 nm 

in width and surface area in pores between 0.5 and 2.0 nm. Weak correlations were found 
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with surface area greater than 1.0 nm (r2=0.39) and 1.5 nm (r2=0.09). These results were 

consistent with that from Section 4.5.1, where NOM uptake was found to be proportional 

to surface area in pores greater than 2 nm in width. 

Taken together, the results in Table 4-19 and Table 4-20 indicated that, while 

monochloramine reduction increased with increasing surface area, factors other than 

physical characteristics likely enhanced monochloramine reduction in FBRs. Therefore, 

as opposed to the uptake of NOM, chemical characteristics of the GACs were likely 

important in terms of steady-state monochloramine reduction. However, it cannot be 

excluded that subtle changes in the pore structure, brought about by ammonia treatment 

during activation of AquaGuard and Centaur GACs for example, played a role in the 

increased catalytic activity. 

 

4.5.2.2 Role of chemical characteristics 

The onset of steady-state in FBRs with respect to monochloramine has been 

attributed to two reactions proceeding in parallel (Kim, 1977). In one reaction surface 

oxides (CO*) are formed, while in the other they are consumed. As such, the number of 

surface oxides on an activated carbon should be roughly constant at steady-state. 

Formation of these acidic surface groups on F400, F600, and Centaur GACs from 

nutrient water FBR experiments were quantified by NaOH uptake titration and presented 

in Table 4-21 along with results from virgin samples for comparison. 
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Table 4-21. NaOH uptake of selected granular activated carbons (GACs) for virgin 
samples and following treatment in fixed-bed reactor experiments with nutrient water 
(NW) 

NaOH Uptake (meq/g) 
GAC 

Virgin NW*- Column 1† NW*-Column 3† 

F400 0.25 0.50 0.40 

F600 0.20 0.30 0.30 

Centaur 0.05 0.50 0.50 
* Background water used in fixed-bed reactor experiment – nutrient water (NW) 
† Column number in series for fixed-bed reactor experiments – “-1” is first column in 

series and “-3” is third column in series 

 

Following the FBR studies, the amount of acidic surface oxides increased on all 

GACs, a result that was consistent with previous research (Bauer & Snoeyink, 1973). 

Additionally, the quantity of surface oxides did not increase from the first column in 

series (NW-1) to the third column in series (NW-3) for a given GAC. These results 

provide evidence that surface oxides were formed and consumed at approximately equal 

rates during steady-state operation, and indicated that GAC beds have the potential to be 

operated for extended periods of time. 

As concluded in Section 4.5.2.1, physical characteristics, while important, likely 

do not alone control monochloramine reduction by GAC. This result is logical, given that 

catalytic properties of activated carbon are known to depend on its chemical composition 

(Snoeyink & Weber, 1967). The GACs with relatively few acidic surface groups (Table 

4-16), specifically AquaGuard and Centaur, performed the best in terms of 

monochloramine reduction in the FBR experiments. This result is in agreement with 



 106

results presented by Chou (1986) in which low surface acidity enhanced catalytic 

capability of activated carbon for sulfur-based compounds. Conversely, high surface 

basicity does not seem to be important. Out of the five selected GACs, Centaur had the 

highest amount of basic surface groups while AquaGuard had the fewest. 

As acid and base uptake titrations only provide bulk characterizations of the 

GAC, elemental compositions (oxygen, nitrogen, and carbon) of the GACs before and 

after treatment in the FBR studies were quantified by XPS and shown graphically in 

Figure 4-27 (F400), Figure 4-28 (F600), Figure 4-29 (Centaur), and Figure 4-30 

(AquaGuard). A summary of these results is presented in Table 4-22. 
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Figure 4-27. Elemental composition by XPS of virgin F400 GAC, and that following 
fixed-bed reactor experiments with nutrient water (NW) and Lake Austin water (LAW) 
for first column in series “-1”, the third column in series “-3”, and all three columns in 
series combined “-123” 
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Figure 4-28. Elemental composition by XPS of virgin F600 GAC, and that following 
fixed-bed reactor experiments with nutrient water (NW) for first column in series “-1” 
and the third column in series “-3” 
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Figure 4-29. Elemental composition by XPS of virgin Centaur GAC, and that following 
fixed-bed reactor experiments with nutrient water (NW) and Lake Austin water (LAW) 
for first column in series “-1”, the third column in series “-3”, and all three columns in 
series combined “-123” 
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Figure 4-30. Elemental composition by XPS of virgin AquaGuard GAC, and that 
following fixed-bed reactor experiments with nutrient water (NW) and Lake Austin water 
(LAW) for first column in series “-1”, the third column in series “-3” 

 

Since the values obtained from XPS analyses presented in Table 4-22 are atomic 

percentages, elemental ratios of oxygen and nitrogen on a carbon basis were calculated to 

facilitate interpretation of these data (Table 4-23). 
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Table 4-22. Elemental composition of selected virgin granular activated carbons (GACs) 
and that following treatment in fixed-bed reactor experiments 

GAC Treatment* Column† O1s‡ N1s‡ C1s‡ 

Virgin NA** 9.19 0.37 90.44 

1 18.75 2.63 78.62 
NW 

3 17.01 2.25 80.74 
F400 

LAW 1, 2 and 3 18.02 3.10 78.87 

Virgin NA** 9.21 0.43 90.36 

1 16.03 2.99 80.99 F600 
NW 

3 15.02 3.18 81.80 

Virgin NA** 7.17 0.52 92.32 

1 15.70 2.83 81.47 
NW 

3 16.39 2.90 80.71 
Centaur 

LAW 1, 2 and 3 15.28 4.39 80.32 

Virgin NA** 5.21 1.26 93.53 

1 15.87 4.79 79.34 
NW 

3 9.76 3.17 87.07 

1 14.83 4.35 80.82 

AquaGuard 

LAW 
3 14.33 4.05 81.62 

* FBR studies with nutrient water (NW) or Lake Austin water (LAW) 
† Column number in series for fixed-bed reactor experiments – “1” is first column in 

series; “2” is second column in series; and “3” is third column in series 
‡ Elemental composition of oxygen (O1s), nitrogen (N1s), and carbon (C1s) obtained 

from XPS and represent the atomic percentage of the elements 
** Not applicable 
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Table 4-23. Elemental composition ratios of selected granular activated carbons (GACs) 
for virgin GACs and following treatment in fixed-bed reactor experiments 

GAC Treatment* Column† O1s/C1s N1s/C1s 

Virgin NA‡ 0.102 0.004 

1 0.239 0.033 
NW 

3 0.211 0.028 
F400 

LAW 1, 2 and 3 0.288 0.039 

Virgin NA‡ 0.102 0.005 

1 0.198 0.037 F600 
NW 

3 0.184 0.039 

Virgin NA‡ 0.078 0.006 

1 0.193 0.035 
NW 

3 0.203 0.036 
Centaur 

LAW 1, 2 and 3 0.190 0.055 

Virgin NA‡ 0.056 0.013 

1 0.200 0.060 
NW 

3 0.112 0.036 

1 0.183 0.054 

AquaGuard 

LAW 
3 0.176 0.050 

* FBR studies with nutrient water (NW) or Lake Austin water (LAW) 
† Column number in series for fixed-bed reactor experiments – “1” is first column in 

series; “2” is second column in series; and “3” is third column in series 
‡ Not applicable 
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The results in Table 4-23 indicated that the oxygen content of virgin Centaur and 

AquaGuard GACs was lower than that of F400 and F600. This result was consistent with 

that from the acid and base titrations that showed Centaur and AquaGuard had relatively 

low amounts of acidic functional groups. Chou (1986) postulated that low surface acidity 

enhanced catalytic capability of activated carbon. This hypothesis was tested in this 

research by comparing steady-state monochloramine reduction versus the ratio of oxygen 

to carbon (O/C) and nitrogen to carbon (N/C) of the virgin GACs. For this comparison, 

steady-state concentrations with NW were selected to eliminate complications of NOM 

preloading. Additionally, only data for an empty-bed contact time of 0.5 minutes was 

used because it corresponded to the only non-zero steady-state concentration for 

AquaGuard GAC. A plot of CSSNW at an EBCT of 0.5 minutes versus the O/C and N/C 

ratios of the virgin GACs is presented in Figure 4-31. 

The results in Figure 4-31 show that steady-state monochloramine concentrations 

generally increased with increasing oxygen to carbon ratio of the virgin GACs. AGC-MG 

was an outlier in this comparison. The trends with respect to nitrogen to carbon ratio 

indicate that monochloramine concentration increased with decreasing nitrogen content. 

These results support the contention of Chou (1986) that GACs with low oxygen content 

have enhanced catalytic capability. Further, the trends with respect to O/C and N/C ratios 

indicate that these metrics may be useful screening tools for selecting or tailoring GACs 

for enhanced monochloramine reduction. 
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Figure 4-31. Steady-state monochloramine concentration in the FBR studies with nutrient 
water (NW) at an empty-bed contact time (EBCT) of 0.5 minutes versus the ratio of (A) 
oxygen to carbon (O/C) and (B) nitrogen to carbon (N/C) of the virgin GACs 
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Results in Table 4-23 also indicated that both oxygen and nitrogen content 

increased as a result of treatment in the FBR studies, suggesting that both elements were 

contained in the surface oxides formed and consumed during steady-state 

monochloramine reduction (equations 2-4 and 2-5). For a given GAC, the amount of 

oxygen and nitrogen formed seemed to be relatively insensitive to the level of treatment. 

The exception to this observation was AquaGuard GAC following the NW studies – the 

oxygen content was higher in the first column in series compared to the third. However, 

this result reflects the fact that the third column in series was exposed to very low 

monochloramine concentrations. 

To aid in identification of the types of surface groups formed during the FBR 

studies, the XPS spectra were analyzed. The XPS spectra of nitrogen for the virgin 

activated carbons and those following the FBR studies with NW are presented in Figure 

4-32 (F400 and F600) and Figure 4-33 (Centaur and AquaGuard). 

The vertical bars in Figure 4-32 and Figure 4-33 at 1 eV intervals between 401 

and 398 eV were used to interpret the data. Stoehr et al. (1991) assigned the N1s signals 

with binding energies of 401-399.5 eV to amide groups and binding energies of 399-398 

eV to nitrile and/or pyridine-like nitrogen. Jansen and Bekkum (1995) assigned specific 

binding energies to amide (399.9 eV), lactam and imide (399.7 eV), and pyridine (398.7 

eV). 
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Figure 4-32. Nitrogen (N1s) photoelectron spectra (XPS) of virgin (V) activated carbon 
and that following the fixed-bed reactor study with nutrient water (NW) from the first 
column in series (“-1”) for (A) F400 and (B) F600 GACs 
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Figure 4-33. Nitrogen (N1s) photoelectron spectra (XPS) of virgin (V) activated carbon 
and that following the fixed-bed reactor study with nutrient water (NW) from the first 
column in series (“-1”) for (A) Centaur and (B) AquaGuard GACs 
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Based on XPS data, it appears that significant quantities of these nitrogen-

containing functional groups were not on the virgin GACs; however they were clearly 

formed during the FBR studies. Based on the bulk elemental analysis, however, nitrogen 

is present on the virgin GACs. A possible explanation is that the nitrogen in the virgin 

GACs is in a different form or present in these particular functional groups at low enough 

concentration such that it was not possible to distinguish their signal from the noise of the 

XPS spectra. Further insight as to the type of functional groups on the GACs was sought 

using FTIR spectroscopy. 

FTIR was used to identify the type of surface oxides on the virgin GACs and 

those formed as a result of monochloramine reduction reactions. Figure 4-34 shows a 

spectral scan of the entire mid-infrared range of each virgin GAC and that following the 

FBR studies with nutrient water and Lake Austin water. 
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Figure 4-34. FTIR spectra in the mid-infrared range of virgin (V) activated carbons, and 
that following fixed-bed reactor studies with nutrient water (NW) and Lake Austin water 
(LAW) for first column in series “-1” and all three columns in series “-123” 
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A qualitative scan of the spectra in Figure 4-34 revealed a strong broad band 

between 3700 and 3000 cm-1 and many bands of varying intensity between 1800 and 700 

cm-1. This result is consistent with FTIR spectra of other activated carbons including 

work by Stuart et al. (2004) that showed few bands between 4000 and 2000 cm-1 and 

many bands between 2000 and 700 cm-1. Peaks in the 4000-2500 cm-1 region are 

generally due to O-H, C-H, and N-H bond stretching. The broad band between 3700 and 

3000 cm-1 (peak at 3255) indicates the presence of exchangeable protons, typically from 

alcohol, amine, amide, or carboxylic acid groups. An enhanced view of the region 

between 2000 and 700 cm-1 for the virgin GACs is shown in Figure 4-35. 
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Figure 4-35. FTIR spectra between 2000 and 700 cm-1 of virgin (V) activated carbons 

Figure 4-35 showed distinct peaks of similar intensities at 1585, 1385, 1265, and 

1225 cm-1. Additionally, the virgin samples of F400, AGC-MG, and AquaGuard showed 

a relatively small shoulder around 1700 cm-1, typical of C=O stretching vibrations, and 

indicative of a small amount of intact carboxylic acid groups (Jansen & Bekkum, 1994). 



 119

These carboxylic acid groups were fully decomposed in the F600 and Centaur spectra. 

Jansen et al. (1994) found two additional consistent spectral features in the GACs they 

studied, at 1230 and 1600 cm-1, both of which were similar in location to those found in 

this research. The peak at 1230 cm-1 was attributed to C-O stretching vibrations 

consistent with the formation of lactonic structures (Ishizaki & Marti, 1981). The second 

band at 1600 cm-1 is due to C=C stretching on the carbon, and was assigned to imides, 

amides, and lactams (a grammatical blend of a lactone and an amide, which functionally 

is a cyclic amide). Jansen (1994) ruled out the possibility that the band at 1600 cm-1 was 

pyridine- or pyrole-like functional groups, given there were no nitrile groups (2250 cm-1), 

a band that did not appear in the FTIR in this research as well (Figure 4-34). However, 

Jansen and Bekkum (1995) concluded that amides are rather unstable and are fully 

converted or decomposed when activation temperatures exceed 400°C, but lactams and 

imides still persist. Given the activation temperatures of the GACs in this research were 

in excess of 700°C, the presence of imides and lactams on the virgin GACs is, therefore, 

more likely. Lactam, a cyclic amide, can form when the hydroxyl group of a carboxylic 

acid is replaced by an amine or ammonia (Carey, 1996). This conclusion is consistent 

with the few carboxylic acid groups (1700 cm-1) on the virgin GACs. 

FTIR spectra of the GACs following the FBR experiments are shown in Figure 

4-36. As it is difficult to compare FTIR spectra on a visual basis alone due to the 

influence of particle size and sample preparation on peak height, it is common to 

calculate the ratios of two peaks in the same spectrum and then compare these ratios for 

the various treatments of a given sample. Such ratios yield information concerning 

relative amounts of surface groups. While the choice of a reference peak is somewhat 

arbitrary, the band at 1385 cm-1 (solid vertical line in Figure 4-35) was used in this 
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analysis due to the strong and sharp response in each activated carbon sample and the 

relative insensitivity of this band to treatment in the FBR studies. 
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Figure 4-36. FTIR spectra of the activated carbons following fixed-bed reactor studies 
with nutrient water (NW) and Lake Austin water (LAW) for first column in series “-1” 
and all three columns in series “-123”. 
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The insensitivity of the band around 1385 cm-1 has been observed in previous 

activated carbon spectra after oxidation with nitric acid and calcium hypochlorite (Vinke 

et al., 1993), and is thus an expected result given that the oxidant used in this research, 

monochloramine, is weaker. In addition to the reference band (1385 cm-1), distinct 

spectra features for all the GACs were apparent around 1585, 1265, and 1225 cm-1 

(vertical dashed lines in Figure 4-35). The ratio of absorbance peaks at these positions to 

the reference peak was calculated for each GAC studied and shown in Table 4-24. 

Several small peaks exist throughout the spectra, but none of them were consistent among 

all the activated carbons or altered significantly with treatment in NW of LAW studies. 

Based on the spectra in Figure 4-36 and the calculated absorbance ratios in Table 

4-24, it is evident that monochloramine reduction is reflected in the AquaGuard spectra 

but not those of the other GACs. This result contrasts that from the acid and base 

titrations and XPS bulk analysis, both of which indicated similar amounts of oxygen- and 

nitrogen-containing groups formed on AquaGuard GAC as did on the other GACs. 

Additionally, XPS spectral analysis showed formation of amide, lactam, and imide 

groups on all GACs during the FBR studies. The most likely reason for this discrepancy 

stems from the analysis techniques used. XPS measurements penetrated a surface depth 

of approximately 25 Å, whereas FTIR, which was operated in transmission mode, 

measures the bulk material as well. It is possible that FTIR techniques other than 

transmission (i.e., Attenuated Transmission Reflectance (ATR) or thermogravimetric 

analysis coupled with FTIR) could provide information with higher surface sensitivity. 

Indeed, Tshabalala (2005) suggested that changes in infrared spectral features of wood 

samples resulting from changes in surface chemistry can be masked by the spectral 

features of the underlying bulk chemistry of the wood specimen. Such an investigation is 

worthy of further study. 
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Table 4-24. Absorbance of discrete FTIR spectral peaks relative to 1385 cm-1 

Absorbance Ratio* Wavenumber 

(cm-1) 
Treatment 

F400 F600 Centaur AquaGuard AGC-MG 

V† 6.28 6.89 5.19 7.89 9.80 

NW‡ 8.92 8.01 10.61 8.49 13.06 3255 

LAW** 5.84 4.03 4.45 6.30 5.39 

V† 1.32 1.35 1.03 1.32 1.20 

NW‡ 1.30 0.92 1.20 2.14 1.20 1585 

LAW** 1.72 1.04 0.96 1.70 1.08 

V† 0.76 0.98 0.84 1.01 1.02 

NW‡ 0.77 0.87 0.84 1.53 0.53 1265 

LAW** 0.98 0.93 0.83 0.91 0.84 

V† 0.71 0.75 0.76 0.94 0.80 

NW‡ 0.76 0.74 0.68 1.59 0.61 1225 

LAW** 0.97 0.80 0.78 0.87 0.65 
* Absorbance at designated wavenumber relative to 1385 cm-1 
† Virgin activated carbon 
‡ Activated carbon following nutrient water fixed-bed reactor study 
** Activated carbon following Lake Austin water fixed-bed reactor study 

 

For AquaGuard GAC, FTIR spectra could be used to characterize the nature of 

the surface oxides. These spectra showed an increase in surface oxides at 1585, 1265, and 

1225 following the FBR study with nutrient water, while a smaller increase at 1585 and 
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virtually no change at 1265 and 1225 following the Lake Austin water studies. Based on 

the conclusions of Jansen and Bekkum (1994), an increase in the peak at 1585 is 

indicative of amide, lactam, and imide formation. An increase in the absorbance ratio of 

the doublet peaks around 1250 cm-1 for AquaGuard GAC are likely due to C-N and C-O 

stretching (Mangun et al., 2001), and indicates the formation of lactonic structures 

(Ishizaki & Marti, 1981). This interpretation of the FTIR data of AquaGuard GAC is 

consistent with that from the XPS spectra which indicated that nitrogen-containing 

functional groups such as lactams and imides were formed during monochloramine 

reduction. 

The presence of these groups is significant because they provide insight in terms 

of monochloramine reduction in the FBR experiments. Lactones have been shown to 

reduce monochloramine. For example, ascorbic acid, has been used to dechlorinate water 

for medical and analytical purposes, and is effective at reducing free chlorine and 

monochloramine (Bedner et al., 2004). Additionally, imide functionalities offer insight as 

to the pH dependent nature of monochloramine reduction reactions. As postulated in 

Section 4.2.1, the protonation of surface functional groups that catalyzed 

monochloramine destruction could affect the rate of reaction. Imides have pKa’s in the 

range of 8 to 10 (Carey, 1996). Given that the FBR studies were operated at pH 7, 8, and 

9, the protonation of imide groups changed considerably. The increased steady-state 

monochloramine concentrations with increasing pH could therefore be attributed to 

decreased reaction kinetics as a result of the deprotonation of the imide groups. 

4.6.   SUMMARY 

Monochloramine reduction was quantified in laboratory-scale FBRs under typical 

drinking water conditions using five types of GAC and two background waters. Results 

indicated that monochloramine effluent concentrations reached steady-state following a 
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period of higher removal. Steady-state monochloramine concentrations varied with GAC 

type. Using organic-free water (NW) the GACs could be ranked as follows from best to 

worst: (1) AquaGuard, (2) Centaur, (3) F400, F600, and AGC-MG. However, using Lake 

Austin water (LAW), Centaur performed the best, followed by AquaGuard, and then the 

other three GACs. This result indicated that the impact of natural organic matter varied 

with GAC type.  

The effect of background water pH was also studied. Results showed that steady-

state monochloramine concentrations increased with increasing pH (between pH 7 and 9 

– the typical range for chloramination). The impact of higher amounts of dichloramine at 

lower pH was determined to be an unlikely explanation of the pH effects in the FBR 

studies. The reaction products from monochloramine reduction showed that greater than 

60% of the monochloramine destroyed yielded ammonia-nitrogen. Reaction product 

speciation was found to be insensitive to GAC type and background water and showed a 

linear relationship between monochloramine destroyed vs. TRIN produced on a mole 

basis. This result indicated that selection of GACs for monochloramine destruction does 

not need to based on ammonia yield. 

A previously developed numerical model (referred to as the MCAT model in this 

research) was used to make performance predictions of steady-state monochloramine 

reduction using GAC particle sizes used in practice. Generally the MCAT model was 

found to fit the laboratory-scale FBR data well, capturing the effect of GAC type and 

contact time for both background waters. Model simulations indicated that steady-state 

operation was feasible to meet a monochloramine standard is 0.1 mg/L as Cl2 within 

contact times typical of drinking water filters using Centaur GAC for a range of influent 

concentrations and background waters. The use of the other GACs studied may be 

feasible depending on treatment goals and source water characteristics. 
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Physical characterization of the GACs suggested that the degree of interference 

caused by natural organic matter (NOM) increased with increasing GAC surface area 

contained within pores greater than 2 nm in width. Acid/base and electrostatic properties 

of the GACs were not found to be significant in terms of NOM uptake, which indicated 

that size exclusion effects of the GAC pores overwhelmed the impact of GAC surface 

chemistry. Therefore, selection of GAC to limit the impact of NOM on monochloramine 

reduction in FBRs should be based on pore size distribution alone, with the impact of 

NOM decreasing with decreasing mesoporosity and macroporosity. 

Comparison of GACs with similar chemical characteristics indicated that steady-

state monochloramine reduction was proportional to surface area on a column volume 

basis. Because of the relatively narrow range of surface areas of the GACs studied, 

chemical properties of the GACs were more significant in terms of monochloramine 

reduction. Titration data showed that acidic surface oxides were formed during the FBR 

studies. Bulk XPS analysis showed an increase in oxygen and nitrogen following the 

FBR studies, which was consistent with the titration data and the steady-state nature of 

the monochloramine reduction process. Additionally, steady-state concentrations in the 

NW column studies were shown to be proportional to the ratio of oxygen to carbon (O/C) 

and nitrogen to carbon (N/C) of the virgin GACs. This result indicated that low O/C 

ratios and high N/C ratios led to enhanced monochloramine reduction. The XPS spectra 

revealed that nitrogen-containing functional groups such as lactams, lactones, and imides 

formed as a result of monochloramine reduction. FTIR analyses showed similar surface 

groups on the virgin GACs, but only showed subsequent formation of these groups on 

AquaGuard following the FBR studies. Taken together, the spectroscopy evidence 

indicates that the presence of lactams and imides are important in monochloramine 

reduction reactions.  
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CHAPTER 5:  Conclusions 

5.1.   OVERVIEW 

Many water utilities now use monochloramine to avoid excessive disinfection 

byproduct (DBP) formation. However, monochloramine removal is needed for 

applications such as the production of water for kidney dialysis, soft drink manufacturing, 

and fishery operations (Komorita & Snoeyink, 1985). Additionally, a novel approach to 

remove trihalomethanes (THMs), a substantial fraction of DBPs, by cometabolism in 

nitrifying biofilters is currently being investigated by another researcher at the University 

of Texas at Austin (Wahman et al., 2005). To establish conditions suitable for growth of 

nitrifying bacteria while maintaining upstream disinfection (to obtain adequate CT), 

monochloramine may need to be removed at the head of the filter. 

Since monochloramine is too small to be removed using reverse osmosis, granular 

activated carbon is typically used because it has proven to be an effective and reliable 

technology. Bauer and Snoeyink (1973) showed that monochloramine is reduced by GAC 

to ammonia and nitrogen gas. Kim (1977) showed that monochloramine concentrations 

reached steady-state in fixed-bed reactor (FBR) effluents, an appealing result for many 

applications because it would eliminate the need to replace or regenerate the GAC. 

However, based on model calibrations at monochloramine concentrations between 15 and 

40 mg/L as Cl2, Komorita and Snoeyink (1985) showed that operation at steady-state 

would require impractically large filters or contact times for applications such as the 

production of water for kidney dialysis where the monochloramine standard was, and still 

is, 0.1 mg/L as Cl2. However, model results were not experimental verified at 

concentrations typical in drinking water treatment (> 3 mg/L as Cl2) and these studies did 

not fully investigate the role of GAC properties on the monochloramine reduction 
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process, nor did they consider the impact of natural organic matter for steady-state 

operation. Since the 1980’s, GACs have been developed with enhanced catalytic 

properties. However, no research to date has evaluated these new GACs in terms of 

steady-state monochloramine reduction. Additionally, potential applications now exist, 

such as THM cometabolism, for which monochloramine concentrations higher than 0.1 

mg/L as Cl2 may be permissible. These factors have made further investigation of this 

process worthwhile. 

The goal of this research was to quantify steady-state monochloramine reduction 

under typical chloramination drinking water conditions and provide a logical framework 

from which to select and tailor GAC properties for enhanced monochloramine reduction. 

In addition to the aforementioned applications, the findings from this research may give 

insights to water utilities that add powdered activated carbon (PAC) for taste and odor 

control. These utilities likely want to minimize monochloramine reduction, and therefore, 

selection of the appropriate PAC might reduce chlorine demand. The hypothesis guiding 

this study was that physical and chemical properties of activated carbon control steady-

state monochloramine reduction in natural waters. Three principal research tasks were 

undertaken to investigate this hypothesis. 

In the first research task, steady-state monochloramine reduction was quantified 

in laboratory-scale fixed-bed reactors (FBRs) over the pH range of interest in 

chloramination (pH 7 to 9). These studies were performed with five types of granular 

activated carbon and two background waters (Lake Austin water, LAW, which contained 

natural organic matter, and synthetic organic-free water, NW). As such, the impact of 

GAC type and source water characteristics could be evaluated in terms of steady-state 

monochloramine reduction. 
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In the second research task, using the results from the FBR studies for calibration 

purposes, a previously developed numerical model (Kim, 1977) was used to make 

predictions of steady-state monochloramine reduction for each condition (pH, activated 

carbon, and background water) with activated carbon particle sizes used in full-scale 

drinking water filters. Based on these simulations, feasibility assessments were made in 

terms of applications such as THM cometabolism and kidney dialysis. 

In the third research task, physical and chemical properties of the activated 

carbons were quantified. From a physical perspective, the surface area, pore volume, and 

pore size distributions of the activated carbons were quantified. In terms of GAC surface 

chemistry, elemental composition and acid/base groups were quantified, and the nature of 

surface functional groups and electrostatic properties were characterized. Results from 

the physical and chemical GAC analyses were then correlated to steady-state 

monochloramine reduction in the laboratory-scale FBR experiments to determine GAC 

surface properties that led to enhanced monochloramine reduction and minimized the 

deleterious impact of natural organic matter. 

5.2.   RESULTS 

Results from the three research tasks provide valuable insights into the feasibility 

of using GAC for monochloramine reduction and the characteristics of GAC that impact 

the extent of monochloramine reduction in water. 

1. Monochloramine concentrations in FBR effluents reached steady-state following 

a period of higher removal with all five GACs and two background waters. While 

this behavior is consistent with previous research (Kim, 1977; Kim & Snoeyink, 

1980b; Carter et al., 1992), the onset of steady-state using a natural water such as 

LAW had not been demonstrated experimentally prior to this research. This result 

indicated that preloading effects of natural organic matter (NOM) were finite, 
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which is consistent with the work of Carter et al. (1992) regarding adsorption of 

trichloroethylene (TCE) by activated carbon preloaded with NOM. 

2. AquaGuard and Centaur GACs reduced more monochloramine on a column 

volume basis than the other GACs, which indicated that the type of GAC was an 

important consideration. F400, F600, and AGC-MG performed similarly to one 

another in both the NW and LAW experiments. 

3. For each GAC, the steady-state effluent monochloramine concentration, (C/C0)SS, 

was larger using LAW than NW, which indicated that NOM preloading impaired 

monochloramine reduction. The deleterious impact of NOM, quantified as the 

difference between the steady-state concentrations with the two background 

waters, or CSSLAW-CSSNW, was greater with AquaGuard GAC than the other GACs 

tested. In fact, even though the AquaGuard GAC performed better than Centaur in 

the NW studies, the opposite held true in the LAW studies. CSSLAW-CSSNW was 

relatively small for F600 and Centaur GACs, which indicated that the impact of 

NOM varied with GAC type. 

4. Steady-state dimensionless monochloramine effluent concentration, (C/C0)SS, 

increased as background water pH increased from 7 to 9 (the likely range for 

chloramination) for all GACs studied. The difference in performance between pH 

7 and 8 was approximately equal to that between pH 8 and 9. Chloramine 

speciation and surface functional groups with pKa’s near the operating pH were 

identified as possible explanations for the pH effects. 

5. As expected based on previous studies, ammonia was the dominant nitrogenous 

reaction product of monochloramine reduction. The fraction of monochloramine 

destroyed that yielded TRIN (total reduced inorganic nitrogen) was greater than 

60% in all FBR studies. Using hypothesis testing of regression line slopes, this 
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fraction was shown to be statistically insensitive to GAC type and background 

water. As such, ammonia yields need not be considered when selecting an 

appropriate GAC for a given application. Nitrate and nitrite concentrations were 

selectively monitored and shown to be negligible, which suggested that nitrogen 

gas likely made up the remainder of the nitrogen balance, however the production 

of N2(g) was not confirmed experimentally. 

6. The previously developed packed bed model of Kim (1977), referred to as the 

monochloramine catalysis or MCAT model in this research, was used to simulate 

steady-state monochloramine reduction with GAC particle sizes used in full-scale 

filters based on laboratory-scale results. FBR studies were operated at Reynolds 

numbers between 1 and 6 using Centaur, the most effective GAC in terms of 

monochloramine reduction, and AGC-MG, among the least effective GACs. The 

insensitivity of (C/C0)SS at a given EBCT for a range of surface loading rates 

indicated that the assumption of negligible film resistance in the MCAT model 

formulation was valid for this research. Model calibration was done by fitting f7, a 

model rate constant, to a set of steady-state data for a given condition (GAC type, 

background water and pH) so as to minimize the sum of squares of the residuals 

between the model fit and experimental data. Simulations indicated that steady-

state monochloramine effluent concentrations with F400 GAC were lower in this 

research as compared to that of Kim (1977) for a given set of conditions at 

concentrations relevant in drinking water treatment. This discrepancy was 

attributed to the fact that simulations in this research were based on FBR 

experiments with an influent concentration of 2 mg/L as Cl2, whereas calibrations 

of Kim (1977) were based on influent concentrations between 15 and 40 mg/L as 

Cl2. As such, feasibility for applications in drinking water treatment was 
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reassessed in the context of the results in this research. Simulations indicated that 

steady-state operation was feasible for many applications. For example, steady-

state simulations for LAW (pH 8 and C0 = 2 mg/L as Cl2) indicated that 6.3 and 

16.7 minutes of EBCT would required using Centaur and F400 GACs, 

respectively to meet the monochloramine standard for kidney dialysis (0.1 mg/L 

as Cl2). For these influent conditions at pH 7, only 4.4 and 9.4 minutes of EBCT 

would be required, which highlights the importance of pH control. Other 

applications for monochloramine reduction, such as THM cometabolism, likely 

have higher permissible monochloramine concentrations and, as such, cost 

considerations with respect to treatment objectives need to be considered in 

selecting the appropriate GAC. 

7. The impact of NOM, quantified as (CSSLAW-CSSNW), was found to be directly 

related to GAC surface area contained in pores greater than 2 nm in width. This 

result is consistent with previous research on NOM uptake in batch systems that 

showed that physical compatibility was needed between NOM and GAC pore 

structure for efficient uptake. For GACs with little or no surface area in pores 

greater than 2 nm, the decrease in steady-state performance with LAW, albeit 

relatively small, could have been due to NOM shielding or altering of reactive 

sites or providing additional diffusional resistance to monochloramine. 

Regardless, GAC surface charge and acid/base properties were shown to have 

negligible impact in terms of the impact of NOM on monochloramine reduction in 

FBRs. The insensitivity of surface chemistry does not necessarily contradict the 

generally accepted understanding that acid and base functional groups coupled 

with surface charge are important in NOM uptake, but rather indicated that for the 

FBR experiments in this research, pore structure effects overwhelmed those of 
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surface chemistry. As such, selection of GAC to limit the impact of NOM should 

be based on pore size distribution alone, with highly microporous GACs favored 

over those with meso- and macroporosity. 

8. While all GACs studied had intrinsic catalytic capability in terms of 

monochloramine reduction, in part due to physical characteristics, neither surface 

area nor pore volume contributed to enhanced catalytic activity. By comparing 

F400 and F600, GACs with similar chemical properties but dissimilar physical 

characteristics, it was determined that higher surface area contributed to 

monochloramine reduction. Pores less than 0.5 nm presumably contributed very 

little, if any, to monochloramine catalysis due to diffusion limitations. This result 

coupled with that from the NOM uptake analyses indicates that GACs pores need 

to be between 0.5 nm and 2 nm for efficient monochloramine reduction in the 

presence of NOM. 

9. For a given GAC, the quantity of acidic surface oxides and elemental composition 

was approximately the same for each column in series. In addition to oxygen 

groups, XPS analyses showed the surface oxides contained nitrogen. This result 

provided molecular-level evidence that surface oxides were formed and consumed 

at approximately an equal rate during steady-state operation and indicated that 

GAC beds had the potential to be operated for extended periods of time beyond 

those used in this research. 

10. Enhanced monochloramine catalysis was attributed in part to low GAC acidity. 

Steady-state concentrations in the FBR studies with NW were found to increase 

with increasing oxygen to carbon (O/C) ratio and decreasing nitrogen to carbon 

(N/C) ratio of the virgin GACs. This result indicated that O/C and N/C may be 
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valuable metrics for selection and tailoring of activated carbons for enhanced 

monochloramine reduction. 

11. FTIR analyses conducted in transmission mode showed that lactam and imide 

functional groups were present on all the virgin GACs studied. However, in terms 

of the FBR studies, FTIR was found only to be useful for identifying surface 

oxides formed on AquaGuard, the only wood-based GAC. This result 

contradicted that from the XPS studies which showed similar amounts of oxygen 

and nitrogen on all the GACs during treatment in the FBR studies. The underlying 

reason as to why the FTIR was insensitive to the change in the quantities of 

surface groups following the FBR studies was not resolved. It is possible that 

other techniques which are more surface sensitive may be more appropriate for 

analysis of the coal-based GACs. 

5.3.   SIGNIFICANCE 

This research provided three significant contributions to the current understanding 

of monochloramine-GAC reactions in FBRs. First, the results revealed that steady-state 

operation was feasible for even the most stringent application with a typical surface water 

(LAW). By choosing the appropriate GAC, it is likely that monochloramine can be 

completely destroyed at steady-state in the contact times typical of drinking water filters. 

For point-of-use applications, while selection of GACs like Centaur and AquaGuard 

would reduce the required contact time, the results show that all the GACs studied could 

meet the requirements should space and portability considerations not be a factor. 

Second, preloading effects by NOM were found to depend only on the GAC pore 

size distribution. While even predominantly microporous GACs were affected by NOM, 

likely due to reactive site shielding or increased diffusional resistance, the impact of 

NOM was proportional to GAC surface area in pores greater than 2 nm in width. This 
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result gives insight as to how GAC should be selected for use in filters depending on the 

intended application. For example, GACs with substantial mesoporosity should be 

selected when enhanced NOM uptake is desired (i.e. for biologic removal of organic 

carbon). Conversely, when GAC filters are used for adsorption of small synthetic organic 

chemicals (SOCs), like TCE, predominantly microporous GACs should be selected to 

avoid NOM preloading. 

Third, GACs used for enhanced catalysis of monochloramine should have large 

surface areas in pores between 0.5 and 2 nm, low oxygen to carbon ratios, and high 

nitrogen to carbon ratios with lactam and imide surface functionalities. The results 

suggest that GACs with chemical properties similar to AquaGuard and physical 

properties like F600 and Centaur would lead to enhanced monochloramine reduction in 

natural waters beyond which was quantified in this research. However, such properties 

may be difficult to achieve. Given that Centaur and AquaGuard were activated in a 

similar manner (i.e., exposure to ammonia-containing gases during activation) it appears 

that coal-based GACs are less prone to surface etching (pore widening) which is 

beneficial in terms of limiting NOM preloading but more resistant to chemical alteration 

(incorporation of nitrogen at the expense of oxygen). Conversely, wood-based GACs are 

more prone to surface etching (which leads to relatively high NOM preloading) but can 

incorporate more nitrogen at the expense of oxygen as compared to coal-based materials. 

Striking an improved balance between a porosity and surface chemistry by alteration of 

activation procedures or raw materials could further enhance monochloramine reduction 

in natural waters. 

5.4.   FUTURE WORK 

This research provided greater insight on surface properties of GAC for enhanced 

monochloramine reduction in natural waters. However, the results from the experiments 
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revealed trends that warrant further research. In particular, the inconsistency of the FTIR 

results versus the titration and XPS data is worthy of additional investigation. While the 

FTIR transmission technique with KBr pellets yielded valuable information regarding the 

surface groups on the virgin GACs, the presence of groups formed during the FBR could 

not be detected for the coal-based GACs. Other sample preparation procedures (such as 

mulls and cast films) should be considered as well as reflectance and photoacoustic 

techniques. Further, characterization of the GACs with TGA may provide additional 

evidence or perhaps support the conclusions based on the XPS data as to the type of 

functional groups formed on GAC as a result of monochloramine reduction. 

Experiments with other natural water sources may also be valuable. While the 

results of this study yielded valuable insight into NOM preloading, additional 

experiments using multiple sources of NOM would permit more broadly based 

conclusions. Lastly, despite monochloramine being used primarily in warm weather 

climate, the effects of temperature on monochloramine reduction are also worthy of 

future research. 
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APPENDIX A:  SUPPORTING DATA 

A.1.   MONOCHLORAMINE EFFLUENT PROFILES 

A.1.1.   Lake Austin water studies 

The monochloramine effluent profiles from the fixed-bed reactor (FBR) studies 

with Lake Austin water are shown in Figure A-1 (F400), Figure A-2 (F600), Figure A-3 

(Centaur), Figure A-4 (AGC-MG), and Figure A-5 (AquaGuard). 
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Figure A-1. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh F400 GAC using Lake Austin water at pH 8 at empty-bed 
contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-2. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh F600 GAC using Lake Austin water at pH 8 at empty-bed 
contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-3. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh Centaur GAC using Lake Austin water at pH 8 at empty-
bed contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-4. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh AGC-MG GAC using Lake Austin water at pH 8 at empty-
bed contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-5. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh AquaGuard GAC using Lake Austin water at pH 8 at 
empty-bed contact times of 0.5, 1.0, and 1.5 minutes. 
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A.1.2.   Nutrient water studies 

The monochloramine effluent profiles from the fixed-bed reactor (FBR) studies 

with nutrient water are shown in Figure A-6 (F400), Figure A-7, (F600), Figure A-8 

(Centaur), Figure A-9 (AGC-MG), and Figure A-10 (AquaGuard). 
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Figure A-6. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh F400 GAC using nutrient water at pH 7, 8, and 9 at empty-
bed contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-7. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh F600 GAC using nutrient water at pH 7, 8, and 9 at empty-
bed contact times of 0.5, 1.0, and 1.5 minutes. 

 

0.00

0.25

0.50

0.75

1.00

0 500 1000 1500

Time (hours)

M
on

oc
hl

or
am

in
e 

C
/C

 0

0.5 minutes
1.0 minutes
1.5 minutes

 

Figure A-8. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh Centaur GAC using nutrient water at pH 8 at empty-bed 
contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-9. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh AGC-MG GAC using nutrient water at pH 8 at empty-bed 
contact times of 0.5, 1.0, and 1.5 minutes. 
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Figure A-10. Monochloramine concentration versus time profile for fixed-bed reactor 
experiment with 40×50 mesh AquaGuard GAC using nutrient water at pH 8 at empty-bed 
contact times of 0.5, 1.0, and 1.5 minutes. 
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A.2.   AMMONIA PRODUCTION 

A.2.1.   Lake Austin water studies 

Plots of total reduced inorganic nitrogen (TRIN) produced versus 

monochloramine destroyed in the Lake Austin water FBR studies are shown in Figure 

A-11 (F400), Figure A-12 (F600), Figure A-13 (Centaur), Figure A-14 (AGC-MG), and 

Figure A-15 (AquaGuard). 
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Figure A-11. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with F400 GAC and Lake Austin water at pH 8 

 



 143

0.00

0.01

0.02

0.03

0.04

0.05

0.00 0.01 0.02 0.03 0.04 0.05
Monochloramine Destroyed (mM)

TR
IN

 P
ro

du
ce

d 
(m

M
)

Least squares best fit

95% confidence interval

F600 GAC
Slope ± 95% CI = 0.72 ± 0.16   
r2 = 0.88
N = 15

 

Figure A-12. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with F600 GAC and Lake Austin water at pH 8 
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Figure A-13. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with Centaur GAC and Lake Austin water at 
pH 8 
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Figure A-14. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with AGC-MG GAC and Lake Austin water at 
pH 8 
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Figure A-15. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with AquaGuard GAC and Lake Austin water 
at pH 8 
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A.2.2.   Nutrient water studies 

Plots of total reduced inorganic nitrogen (TRIN) produced versus 

monochloramine destroyed in the nutrient water FBR studies are shown in Figure A-16 

(F400), Figure A-17 (F600), Figure A-18 (Centaur), Figure A-19 (AGC-MG), and Figure 

A-20 (AquaGuard). 
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Figure A-16. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with F400 GAC and nutrient water at pH 8 
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Figure A-17. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with F600 GAC and nutrient water at pH 8 
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Figure A-18. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with Centaur GAC and nutrient water at pH 8 
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Figure A-19. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with AGC-MG GAC and nutrient water at pH 
8 
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Figure A-20. Total reduced inorganic nitrogen (TRIN) produced versus monochloramine 
destroyed in fixed-bed reactor experiment with AquaGuard GAC and nutrient water at 
pH 8 
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A.2.3.   Hypothesis testing 

Hypothesis test for each GAC against the others was done to test if the differences 

in regression line slopes between TRIN Produced and Monochloramine Destroyed were 

significant. For each GAC, the slope and the standard error of the best-fit line was 

calculated by least-squares analysis in Microsoft Excel. To determine the t-statistic, the 

square root of the sum of the squares in the standard errors was calculated, Sb1-b2. The 

value of the t-statistic was determined by calculating the difference in the two slopes 

being compared and dividing by Sb1-b2. The degrees of freedom, dof, was taken to be the 

number of observations in the two data sets (n1 and n2) minus 4, dof = n1 +n2 – 4. The 

corresponding p-value was then calculated using Excel. If the p-value was less than 0.05, 

then the difference in regression line slopes was considered significant; if the p-value was 

greater than 0.05, the regression line slopes were considered statistically the same. 

 

A.3.   MODEL CALIBRATIONS 

A.3.1.   Lake Austin water studies 

MCAT model calibration fits for the Lake Austin water FBR studies are shown in 

Figure A-21 (F400 pH 8), Figure A-22 (F400 pH 7), Figure A-23 (F600 pH 8), Figure 

A-24 (F600 pH 7), Figure A-25 (Centaur pH 8), Figure A-26 (Centaur pH 7), Figure 

A-27 (AGC-MG pH 8) and Figure A-28 (AquaGuard pH 8). 
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Figure A-21. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F400 GAC using Lake Austin water at 
pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-22. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F400 GAC using Lake Austin water at 
pH 7 and monochloramine influent concentration of 2 mg/L as Cl2. 



 150

0.00

0.25

0.50

0.75

1.00

0.0 0.5 1.0 1.5
EBCT (minutes)

S
te

ad
y-

S
ta

te
 N

H
 2 C

l C
/C

0

F600
MCAT Model

Lake Austin water
NH2Cl C0 = 2 mg/L-Cl2
pH 8
40x50 Mesh Fraction

 

Figure A-23. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F600 GAC using Lake Austin water at 
pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-24. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F600 GAC using Lake Austin water at 
pH 7 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-25. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh Centaur GAC using Lake Austin water 
at pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-26. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh Centaur GAC using Lake Austin water 
at pH 7 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-27. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AGC-MG GAC using Lake Austin 
water at pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-28. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AquaGuard GAC using Lake Austin 
water at pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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A.3.2.   Nutrient water studies 

MCAT model calibration fits for the nutrient water FBR studies are shown in 

Figure A-29 (F400 pH 8), Figure A-30 (F400 pH 7), Figure A-31 (F600 pH 8), Figure 

A-32 (F600 pH 7), Figure A-33 (Centaur pH 8), Figure A-34 (AGC-MG pH 8), and 

Figure A-35 (AquaGuard pH 8). 
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Figure A-29. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F400 GAC using nutrient water at pH 8 
and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-30. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F400 GAC using nutrient water at pH 7 
and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-31. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F600 GAC using nutrient water at pH 8 
and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-32. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh F600 GAC using nutrient water at pH 7 
and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-33. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh Centaur GAC using nutrient water at pH 
8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-34. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AGC-MG GAC using nutrient water at 
pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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Figure A-35. Monochloramine catalysis (MCAT) model calibration of steady-state data 
from fixed-bed reactor studies with 40×50 mesh AquaGuard GAC using nutrient water at 
pH 8 and monochloramine influent concentration of 2 mg/L as Cl2. 
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A.4.   MODEL SIMULATIONS 

A.4.1.   Lake Austin water studies 

MCAT model simulations for the Lake Austin water FBR studies are shown in 

Figure A-36 (F400), Figure A-37 (Centaur), Figure A-38 (F600), Figure A-39 (AGC-

MG), and Figure A-40 (AquaGuard). 
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Figure A-36. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh F400 GAC with Lake Austin water at (A) pH 8 and (B) pH 7 



 158

 

0.0

1.0

2.0

3.0

0 2 4 6 8
EBCT (minutes)

S
te

ad
y-

S
ta

te
 N

H
 2 C

l C
/C

0

A

 

0.0

1.0

2.0

3.0

0 2 4 6 8
EBCT (minutes)

S
te

ad
y-

S
ta

te
 N

H
 2 C

l C
/C

0

B

 

Figure A-37. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh Centaur GAC with Lake Austin water at (A) pH 8 and (B) pH 7 
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Figure A-38. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh F600 GAC with Lake Austin water at (A) pH 8 and (B) pH 7 
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Figure A-39. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh AGC-MG GAC with Lake Austin water at pH 8 
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Figure A-40. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh AGC-MG GAC with Lake Austin water at pH 8 
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A.4.2.   Nutrient water studies 

MCAT model simulations for the nutrient water FBR studies are shown in Figure 

A-41 (F400), Figure A-42 (F600), Figure A-43 (Centaur), Figure A-44 (AGC-MG), 

Figure A-45 (AquaGuard). 
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Figure A-41. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh F400 GAC with nutrient water at pH 8 
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Figure A-42. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh F600 GAC with nutrient water at pH 8 
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Figure A-43. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh Centaur GAC with nutrient water at pH 8 
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Figure A-44. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh AGC-MG GAC with nutrient water at pH 8 
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Figure A-45. Steady-state monochloramine dimensionless effluent concentration profiles 
for 12×40 US mesh AquaGuard GAC with nutrient water at pH 8 
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A.5.   GAC CHARACTERIZATIONS 

A.5.1.   N2 adsorption isotherms 

Nitrogen gas adsorption isotherms at 77 K for the virgin GACs are shown in 

Figure A-46 (F400), Figure A-47 (F600), Figure A-48 (Centaur), Figure A-49 (AGC-

MG), and Figure A-50 (AquaGuard). 
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Figure A-46. N2 adsorption isotherm of F400 GAC 
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Figure A-47. N2 adsorption isotherm of F600 GAC 
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Figure A-48. N2 adsorption isotherm of Centaur GAC 
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Figure A-49. N2 adsorption isotherm of AGC-MG GAC 
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Figure A-50. N2 adsorption isotherm of AquaGuard GAC 
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A.5.2.   Acid and base titrations 

Acid and base titrations for the virgin GACs and those from the FBR studies are 

shown in Figure A-51 (F400), Figure A-52 (F600), Figure A-53 (Centaur), Figure A-54 

(AGC-MG), and Figure A-55 (AquaGuard). 
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Figure A-51. Acid and base uptake titration curve for F400 GAC with (A) 0.05 N NaOH 
and (B) 0.05 N HCl. 
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Figure A-52. Acid and base uptake titration curve for F600 GAC with (A) 0.05 N NaOH 
and (B) 0.05 N HCl. 
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Figure A-53. Acid and base uptake titration curve for Centaur GAC with (A) 0.05 N 
NaOH and (B) 0.05 N HCl. 
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Figure A-54. Acid and base uptake titration curve for AGC-MG GAC with (A) 0.05 N 
NaOH and (B) 0.05 N HCl. 
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Figure A-55. Acid and base uptake titration curve for AquaGuard GAC with (A) 0.05 N 
NaOH and (B) 0.05 N HCl. 
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A.5.3.   pHPZC 

Mean zetapotential distribution measurements, used to infer the pH of the point of 

zero charge (pHPZC), are shown in Figure A-56 (F400), Figure A-57 (F600), Figure A-58 

(Centaur), Figure A-59 (AGC-MG), and Figure A-60 (AquaGuard). 
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Figure A-56. Mean zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of F400 GAC in 0.01 M KCl background electrolyte 
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Figure A-57. Mean zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of F600 GAC in 0.01 M KCl background electrolyte 
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Figure A-58. Mean zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of Centaur GAC in 0.01 M KCl background electrolyte 
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Figure A-59. Mean zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of AGC-MG GAC in 0.01 M KCl background electrolyte 
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Figure A-60. Mean zetapotential (error bars represent the upper and lower 95th percentile 
about the mean) of AquaGuard GAC in 0.01 M KCl background electrolyte 
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