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One of the oldest of treatment technologies, acti-
vated carbon is once again demonstrating its value in 
these challenging times. As global demand for water 
increases, source water quality is becoming more 
compromised, high-quality sources are depleting, 
and improvements in analytical methods are reveal-
ing increasingly lower concentrations of contami-
nants in treated water.

Activated carbon is simple to operate as an adsorp-
tion medium for water, serves as a proactive barrier 
for contamination, and does not produce by-prod-
ucts from its use. Used in treatment worldwide, 
activated carbon produces very high-quality water. 
Its implementation helps utilities gain regulatory  
compliance and position themselves to meet future 
requirements. 

This practical, solutions-oriented book for water 
treatment providers, engineers, and students covers

•	 Fundamentals	 of	 activated	 carbon	 adsorption to 
provide a basic understanding of activated carbon 
technologies for drinking water treatment.

•	 Adsorption	applications,	approaches,	and	case	stud-
ies that demonstrate how and where activated car-
bon has been implemented to solve specific water 
quality challenges.

•	 System	 design	 and	 procurement	 approaches to 
achieve effectiveness and efficiency in the use of 
granular activated carbon and powdered activated 
carbon.
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Preface

Determining the appropriate treatment regime to provide safe drinking water for 
customers continues to challenge drinking water purveyors. Source water quality is 
becoming more compromised as global demand increases, high-quality sources are 
depleted, and improvements in analytical methods reveal increasingly lower concen-
trations of contaminants in treated water. Regulatory agencies struggle with adequate 
resources to make sound scientific judgments regarding safe levels of contaminants in 
drinking water while media reports of detected levels of chemicals and microbes leave 
customers apprehensive about the safety of what comes out of their faucets every day.

Maintaining microbiological quality continues to be a cornerstone of water treat-
ment as reinforced by the unfortunate incidence of waterborne disease in impoverished 
and developing nations. Nevertheless, conventional disinfectants used effectively in 
treatment for more than a century produce by-products that may have long-term 
chronic health effects, and sources degraded by anthropogenic inputs increase the 
portfolio of chemical contaminants that must be addressed. Personal care products 
and pharmaceuticals in drinking water are reported with increasing frequency in the 
global media, while the effects on humans remain unresolved.

Through all of this uncertainty, proactive measures that can reduce a wide variety 
of contaminants to low concentrations through multi-objective treatment remain an 
important element of robust and reliable drinking water production. Activated car-
bon, one of the oldest treatment technologies, is once again demonstrating its value 
in these challenging times. Activated carbon is simple to operate as an adsorption 
medium, serves as a proactive barrier for contamination, and does not produce by-
products from its use. It can be reactivated and reused. And it removes compounds 
that customers can perceive with their senses—taste-and-odor compounds—as well 
as reduces a suite of potentially harmful chemical contaminants to low concentrations.

Many books have been written about granular activated carbon. Some focus on 
the theory of performance and removal mechanisms while others focus on design 
features. This book focuses on solutions. It describes the challenges facing water pro-
viders to provide safe water that is acceptable to their customers, utility experiences 
using activated carbon, activated carbon applications, and design and procurement 
approaches. The appendices include detailed case studies and a life-cycle assessment 
demonstrating favorable sustainability considerations for activated carbon when com-
pared with other treatment technologies.

Never before has all of this information been brought together in one location. 
The what, why, where, and how of this treatment technology are connected in this 
book and demonstrate why activated carbon has maintained its status as an integral 
treatment technology in the quest for pure water over millennia. 

Enjoy the story!
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Introduction

Water purveyors throughout the globe have been, and continue to be, challenged to 
support existing and growing populations with an adequate and safe water supply. 
Historically, communities developed where water supplies were available and abun-
dant. For example, the settlements resulting from the westward migration in the 
United States in the 1800s were often determined according to where water supplies 
were found. Now, however, there are few new locations where safe water supplies are 
available and abundant, either in the United States or globally. Instead, the challenge 
of maintaining and protecting drinking water supplies from further degradation is 
high on the minds of water purveyors and environmentally minded individuals and 
groups. Existing supplies continue to be threatened by microbiological and chemical 
contaminants introduced by increasing populations and associated economic devel-
opment as well as by natural sources of contamination.

Water scarcity is a constant area of concern in major metropolitan areas in arid 
regions, and climate change is affecting how regions that previously had sufficient 
resources view their supplies into the future. These scarcity issues are driving water 
purveyors to use lower-quality water sources to meet increasing demand. At the same 
time, improved analytical techniques are able to detect compounds at lower and lower 
concentrations, either revealing contaminants that previously had not been detected or 
indicating the presence of contaminants that have been recently introduced into the 
water supply. Although health effects of many of these micropollutants are not cur-
rently known and may not be known for decades or longer, consumers are rightfully 
concerned about their presence in drinking water, and water purveyors must respond.

In the fundamental charge to protect public health, water purveyors rely on a 
combination of treatment and watershed protection to meet water quality goals and 
regulations. In meeting these goals, water purveyors should consider both the quantity 
and quality of the supply and choose suitable treatment approaches. The approaches 
are often a combination of physical, chemical, adsorption, and biological processes. 
The challenge is to determine the best combination of processes that protect public 
health and meet customer desires and regulatory requirements for water quality while 
doing so in a financially responsible manner.

The Case for Activated Carbon
Activated carbon is an adsorption medium and its use is considered an advanced 
technique for meeting many water quality demands. Treatment with activated carbon 
is not new and has in fact been used for thousands of years to improve the quality of 
drinking water. It has been used in various forms (powdered and granular) around the 
globe in a multi-objective manner, removing heterogeneous compounds that produce 
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color and are precursors to contaminants upon disinfection, trace organic and inor-
ganic contaminants, and taste-and-odor compounds. Activated carbon also has the 
flexibility to be operated in both adsorption and biological modes. In the latter, it 
provides a large surface area for organisms to populate and biologically degrade con-
taminants. Utilities may implement activated carbon for several reasons, including 
regulatory compliance, positioning for future regulations, public health protection 
and customer confidence, and sustainability considerations. 

Compliance With Existing Regulations
For most water systems, the biggest driver for implementing activated carbon treat-
ment is to gain compliance with water quality regulations. The US Congress origi-
nally passed the Safe Drinking Water Act (SDWA) in 1974 to protect public health 
by regulating the nation’s public drinking water supplies. The law was subsequently 
amended in 1986 and 1996. The two categories of drinking water standards in the 
SDWA are: 

1. Primary Standards: Legally enforceable standards that limit the levels of spe-
cific hazardous contaminants having an adverse effect on human health.

2. Secondary Standards: Nonenforceable guidelines for nonhazardous contami-
nants that may cause cosmetic effects (such as skin or tooth discoloration) or 
aesthetic effects (such as taste, odor, or color) in drinking water. USEPA rec-
ommends secondary standards to water systems but does not require systems 
to comply unless the state chooses to require compliance.

Several individual regulations fall under the umbrella of the SDWA. The follow-
ing components are most likely to influence a water purveyor’s decision to implement 
activated carbon.

Disinfectants and Disinfection By-products (D/DBP) Rule
For more than 100 years, the practice of disinfecting drinking water using chlorine 
and its compounds has protected consumers from waterborne diseases by inactivating 
pathogens. However, disinfectants react with organic matter in the water supply, and 
many of the by-products formed are of concern to public health. The primary objec-
tive of the D/DBP Rule, which was promulgated in two stages, is to reduce exposure 
of drinking water consumers to DBPs such as total trihalomethanes (TTHMs), the 
sum of five haloacetic acids (HAA5), bromate, and chlorite while still providing ade-
quate disinfection. The rule also contains requirements for removing DBP precursors, 
as demonstrated by total organic carbon (TOC) removal using a treatment technique 
termed enhanced coagulation, which means achieving additional TOC removal by 
adding increased amounts of coagulant over what is required for turbidity removal.

To adequately protect public health from many waterborne diseases, the practice 
of disinfection must be continued. Activated carbon helps water purveyors comply 
with the D/DBP Rule by providing an additional removal mechanism for TOC. 
Because TOC is a major contributor to TTHM and HAA formation upon chlorina-
tion, reducing the TOC will also reduce the formation potential of these DBPs.

Enhanced Surface Water Treatment Rule
The Enhanced Surface Water Treatment Rule (ESWTR) also has two stages, cor-
responding to the two stages of the D/DBP Rule. The objective of the ESWTR is to 
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confirm that disinfection is not compromised by utilities in their effort to minimize 
DBP formation. Compliance is demonstrated by providing treatment processes that 
remove or inactivate microorganisms. The final stage of this rule, the Long-Term 2 
Enhanced Surface Water Treatment Rule, requires additional removal or inactivation 
of Cryptosporidium, depending on the source water quality. The USEPA’s treatment 
toolbox for Cryptosporidium grants 0.5 log removal when granular activated carbon 
(GAC) filters or contactors are placed in series with another filtration process (granu-
lar media or membrane).

Unregulated Contaminant Monitoring Rule (UCMR)  
and Contaminant Candidate List (CCL)
The CCL is used by USEPA to identify contaminants that may be regulated in future, 
and the UCMR is used to gather data on the occurrence of unregulated contami-
nants in drinking water systems. Although there are no enforceable standards for 
UCMR contaminants, data are collected and reported to USEPA to assist with future 
regulatory policymaking. The first CCL was published in March 1998 and contained 
60 contaminants under regulatory consideration. Based on the data from the first 
monitoring cycle of the UCMR, USEPA published the second drinking water CCL 
(CCL2) in 2005. The list carried forward 51 of the original 60 contaminants, and 
9 were removed because sufficient data were collected and indicated that further regu-
lating action was not required. In addition to the CCL2 list, the USEPA published 
the UCMR2, which required monitoring of 26 contaminants.

The third CCL (CCL3) was published as a draft in February 2008 and was finalized 
in 2009. After evaluating approximately 7,500 potential contaminants based on occur-
rence, production, and toxicology, an expert panel under the direction of the National 
Research Council (NRC), National Drinking Water Advisory Council (NDWAC), 
and Science Advisory Board (SAB) helped USEPA systematically narrow down the list 
of potential contaminants in the CCL3 to 104 chemicals and 12 microbiological con-
taminants. UCMR3 was proposed in February 2011. When it is finalized, this rule will 
require monitoring of 30 contaminants during the 2013–2015 time frame.

Many of the contaminants on the CCL and monitored in the UCMR can be 
effectively removed using activated carbon. Consequently, should any of them be 
regulated either individually or as a class of contaminants in the future, activated 
carbon will become an important part of the process train for many utilities.

Positioning for Future Regulations
The continued pressure to improve water quality is mounting as source waters are 
challenged with a variety of micropollutants. These contaminants include those being 
detected because of improved analytical methods and those being introduced into 
source waters at higher concentrations, such as personal care products and pharmaceuti-
cally active compounds. Although effective for reducing concentrations of these micro-
pollutants, chemical oxidation does not convert them into carbon dioxide and water, 
and it is often unknown what compounds form in their place. Therefore, true removal 
processes are being revisited with renewed vigor. Membrane processes are improving, 
but only higher-pressure options such as nanofiltration and reverse osmosis can address 
most of these micropollutants. The following emerging issues are likely to affect utility 
strategies for using activated carbon in their treatment systems.
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MTBE and Perchlorate
Both MTBE (methyl-tert-butyl-ether) and perchlorate continue to gain public inter-
est and deserve more scrutiny. As two of the original contaminants on the CCL in 
March 1998, MTBE and perchlorate have undergone UCMR monitoring to deter-
mine the viability of regulating the chemicals or removing them from the list.

In UCMR monitoring of more than 3,400 systems, MTBE was detected in only 
0.5 percent of the systems, and perchlorate was detected in nearly 4.5 percent of 
samples. It is still unclear whether the MTBE concern is in localized regions or wide-
spread throughout the country. It is very likely that if MTBE detections are localized, 
the monitoring would spark state regulation rather than federal. While the USEPA is 
still in the process of revising its MTBE risk assessment, California has set an enforce-
able standard of 14 μg/L for MTBE. Because perchlorate is more widespread, it is 
more likely to warrant federal regulation.

Endocrine Disrupting Compounds (EDCs) 
and Pharmaceuticals
Pharmaceuticals, personal care products, and some household compounds are starting 
to appear in drinking water systems around the United States and in Europe. Some 
of these compounds are known to be endocrine disrupting compounds (EDCs), but 
their significance in drinking water is still not clear. Future monitoring and testing 
are needed to determine which of these compounds, if any, pose a threat to human 
health and at what dose. At that point, monitoring water systems for such compounds 
and evaluating ways to remove the compounds from the water may be necessary.

Nitrogenous Disinfection By-Products
The potential exists for future regulation of nitrogenous disinfection by-products 
(N-DBPs). Many N-DBPs can be found in treated drinking water; however, the most 
common ones include the various species of nitrosamines, particularly N-nitrosodi-
methylamine (i.e., NDMA) and halonitromethanes. Six of the nine possible nitro-
samines are currently included in the CCL3 list. Based on the results of UCMR2 
monitoring, NDMA is the most commonly occurring nitrosamine in drinking water. 
Because of the significant occurrence and the associated high carcinogenic potency 
of NDMA, it is anticipated that USEPA will consider developing a regulation for 
NDMA in the near future.

Carcinogenic Volatile Organic Compounds (cVOCs)
Under the auspices of six-year review, USEPA is currently reviewing the standards for 
trichloroethylene (TCE) and perchlorethylene (PCE). With USEPA’s strategic direc-
tion to regulate contaminants by groups, USEPA is considering the revised TCE/PCE 
standards in a combined regulation for carcinogenic VOCs. Eight different cVOCs 
are currently regulated, and USEPA is considering regulating up to eight more in 
the group of cVOCs. A group regulation for cVOCs is expected to be proposed in 
2013. Although the regulatory limits for specific VOCs are not known at the time 
of preparing this book, it is widely anticipated that the current regulatory limits for 
TCE and PCE will be lowered from the current limits of 5 μg/L. The existing limits 
were based on the limits of the analytical techniques available at the time; however, 
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because analytical methods have been refined, lower detection limits are feasible com-
pared to when the first VOC regulations were developed.

Activated carbon is the most widely accepted technology used to adsorb many of 
the organic compounds of concern. Many water utilities around the world are cur-
rently using activated carbon for removal of Natural Organic Matter (NOM), Syn-
thetic Organic Chemicals (SOCs), and taste-and-odor compounds. It also helps with 
N-DBPs because systems that lower their TTHM and HAA formation potential are 
less likely to use chloramine, thereby avoiding formation of N-DBPs.

Public Health Protection and Customer Confidence
The state and federal drinking water regulations that provide legally enforceable stan-
dards are the foundation for a water utility’s public health commitment to its custom-
ers and the public. However, meeting the standards does not result in zero risk; rather, 
the standards are based on peer-reviewed science, including data on how often the 
regulated contaminant occurs in the environment, how humans are exposed to it, the 
health effects of exposure, and cost considerations. A water system can elect to pro-
vide treatment to a quality higher than that required by a standard. However, most 
systems find it difficult to obtain the financial resources that may be needed to pro-
vide treatment levels above those required to comply with state and federal standards. 

Science is continually identifying the presence of additional chemicals in the 
drinking water supply, often in minute concentrations. While evidence is lacking 
that many of these pose a significant threat to public health, customers may become 
concerned at the presence of these compounds in their water supply, especially when 
reported by various media outlets. Because we are in an era of information overload, 
multitasking, and sound bites, few people have the time, desire, or even sufficient 
technical expertise to fully examine and form their own educated opinion on all of 
the issues and challenges facing them today. Hence, opinions are often based on per-
ceptions formed by instincts and input received from a variety of sources. 

Much of the media only focus on water issues during droughts, floods, proposed 
rate increases, reported failure, inefficiencies, or health emergencies. Seldom is there a 
positive story of how well a water utility is performing, the quality of life it supports, 
or the health protection it is providing. With most of the media information report-
ing the negative, it is understandable that many customers are biased with negative 
perceptions and concerns about the quality of their water. 

To counter these negative perceptions, it is critical for utilities to provide their 
customers with outstanding customer service and to become trusted partners in the 
goal to protect public health. During a Gallup Organization’s Drinking Water Cus-
tomer Satisfaction Survey for the USEPA of 1,000 households nationwide in 2002, 
general drinking water consumer knowledge and public confidence with information 
sources were assessed. Findings from the survey demonstrated that Americans recog-
nize the importance of receiving information on aspects of their drinking water and 
value being informed. This accentuates the need for honest, unbiased information 
reaching the customer. Another way for utilities to demonstrate their commitment 
to understanding customer concerns is to provide additional treatment barriers for 
unregulated contaminants such as micropollutants, taste- and odor-causing (T&O) 
compounds, or aesthetic issues. However, the decision to implement additional treat-
ment must be sensitive to the ability of the community to afford the increased level 
of treatment. 
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The bottom line is that while most of our water treatment systems do a good job 
with the technologies they have in place, a broad spectrum of chemicals in a water 
supply remain that are not being removed or reduced to the degree they could be by 
using activated carbon technologies. Although implementation of GAC treatment 
technologies costs money and will result in increased water rates, implementation 
needs to be considered in the light of improved public health protection. The current 
economic conditions may inhibit the ability to incur these costs; however, the value 
should be considered in strategic long-range planning.

Sustainability Considerations
It is sometimes thought that the use of a GAC treatment technology would result 
in a significant environmental burden. This needs to be considered in light of other 
options that could be used to achieve a desired treatment effect. In an effort to reduce 
the environmental burdens associated with producing drinking water, many water 
utilities have begun evaluating the sustainability of potential treatment scenarios 
prior to implementation. As a water utility evaluates the potential use of various pro-
cesses to reduce disinfection by-products, one approach to assessing sustainability is 
a life-cycle assessment (LCA). LCA, which is often referred to as cradle-to-grave, is a 
systematic approach that follows the International Organization of Standardization 
(ISO) 14040 standard to quantify potential environmental burdens of a product or 
process over its lifetime.

Appendix A contains an example illustrating the use of LCA to evaluate the envi-
ronmental impacts of typical processes to reduce DBPs. Three treatment technology 
scenarios were evaluated in the example: (1) GAC filter adsorbers, (2) GAC post-filter 
contactors, and (3) enhanced coagulation followed by disinfection using chloramines. 
In the appendix A example, no single scenario had significantly lower results across 
all LCA categories and sustainability measures analyzed, challenging the thought that 
GAC results in a significant environmental burden.

Concerns With Activated Carbon
Despite its merits, activated carbon has yet to be accepted as a “baseline” process 
in water treatment. Nevertheless, the USEPA recognized the significant benefits of 
activated carbon in its seminal 1986 Amendments to the Safe Drinking Water Act 
and chose GAC as a best available technology (BAT) for treating a suite of chemical 
contaminants. Since that time, some water purveyors have chosen to implement GAC 
as a treatment technique, while others have found different and often less expensive 
ways to meet federal and state water quality requirements. The use of GAC treat-
ment is expensive, both in initial capital cost as well as in on going operational costs 
associated with reactivating and replacing the media. The information in this book 
describes methods and techniques to minimize these costs. The cost of GAC treat-
ment should be considered in light of the benefits accrued by significant removal of a 
broad spectrum of organic contaminants from a water supply and the ability to fur-
nish customers with a water quality that not only meets current regulations but also 
reduces risks that may result from currently unregulated contaminants and the risks 
of unintended consequences that may be associated with other treatment methods. 
The end result is the ability to furnish customers with a very high-quality water that 
is likely to improve their quality of life and protect human health.
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Book Organization
Many books and book chapters have been written on activated carbon treatment. 
Most focus on removal mechanisms and capabilities, with some discussion of process 
approaches and applications. This book puts the fundamentals of activated carbon 
treatment, adsorption applications, and design of systems in the context of today’s 
and tomorrow’s water quality concerns, presenting the reader with a holistic view of 
the role of activated carbon in the water treatment process. 

The intent of the book organization is to serve the needs of various water utility 
leaders, managers, and professionals; water treatment providers, scientists, students,  
and engineers; and water utility consultants in three distinct areas related to planning 
for and designing activated carbon systems:

Part 1  Activated Carbon Adsorption Technologies covers fundamentals and is 
targeted at assisting engineers and students who will use the book to 
gain a basic understanding and knowledge of activated carbon technolo-
gies for drinking water technologies.

Part 2  Adsorption Applications is for those who will benefit from approaches to 
planning the use of activated carbon treatment. In addition, the numer-
ous case studies presented in part 2 demonstrate how and where acti-
vated carbon has been successfully implemented to solve specific water 
quality challenges.

Part 3 Design and Procurement of Activated Carbon Systems provides practical 
approaches to designers and system operators for effective and efficient 
design and use of activated carbon technologies as well as strategies for 
procuring and implementing the systems.

To address the concerns of sustainability related to the reactivation process, the 
authors included an appendix on sustainability, illustrating the full life-cycle assess-
ment of activated carbon compared to other options for reducing TOC and complying 
with the Stage 2 D/DBP Rule. A similar process could be used to evaluate removal of 
micropollutants, comparing activated carbon to technologies such as reverse osmosis 
membranes and advanced oxidation processes using ozone.

Seventeen case studies comprise appendix B at the end of this book. These case 
studies will be useful to those readers seeking further practical information and expe-
rience from others using activated carbon technologies to improve the quality of their 
drinking water.

The book is not intended to be a textbook, although instructors can use portions 
of it to give students information on the basic mechanisms of the technology and 
practical guidance for training them as practicing engineers. It is assumed that dif-
ferent readers of the book will seek out relevant sections of the book as their needs 
dictate. Consequently, the book is written such that each of the three parts could be 
useful for a given audience without detailed study of the remainder.
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List of Abbreviations 
and Acronyms

AC activated carbon
AOC assimilable organic carbon
AOP advanced oxidation process
AWWA American Water Works 

Association
BAC biologically enhanced activated 

carbon
BAF biologically active filter
BAT best available technology
BDOC biodegradable dissolved organic 

carbon
BOM biodegradable organic matter
BTEX  benzene, toluene, ethyl benzene, 

and xylene
BV bed volume
BWWB Water Works Board of the City 

of Birmingham
CAP Central Arizona Project
CCL Contaminant Candidate List 
CCL2 second Contaminant Candidate 

List
CCL3 third Contaminant Candidate List
CFSTR continuous flow stirred tank 

reactor 
CGTF Central Ground Water Treatment 

Facility
CIP capital improvements program
CLSA closed-loop stripping analysis
CM construction manager
CMBR completely mixed batch reactor
CMWC Consolidated Mutual Water 

Company
CSO combined sewer overflow
cVOCs carcinogenic volatile organic 

compounds 
D/DBP Disinfectants and Disinfection 

By-products
DBP disinfection by-product

DDT dichlorodiphenyl trichloroethane
DHS Department of Health and Safety 

(California)
DOC dissolved organic carbon
DOM dissolved organic matter
EBCT empty bed contact time 
EDC endocrine disrupting compound
EfOM effluent organic matter
ESWTR Enhanced Surface Water 

Treatment Rule
EMT external mass transfer 
GAC granular activated carbon
GC-MS  gas chromatography and mass 

spectrometry
GCWW Greater Cincinnati Water Works
HAA5 sum of five haloacetic acids
HLR hydraulic loading rate
HNM halonitromethanes
HOCs hydrophobic organic compounds
HSDM  homogenous surface diffusion 

model
IAST ideal adsorbed solution theory 
IMT internal mass transfer 
ISO International Organization of 

Standardization 
LCA life-cycle assessment
MCL maximum contaminant level
MF microfiltration
MIB 2-methylisoborneol
MIEX® magnetic ion exchange
MSDBA mulitstage diffused bubble 

aeration
MTBE methyl-tert-butyl-ether
MTZ mass transfer zone 
N-DBPs nitrogenous disinfection  

by-products
NDMA N-nitrosodimethylamine
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NDWAC National Drinking Water 
Advisory Council

NJDEP New Jersey Department of 
Environmental Protection

NOM natural organic matter
NRC National Research Council
O&M operations and maintenance
OTC  odor threshold concentration
PAC powdered activated carbon 
PAH polycyclic aromatic hydrocarbon
PCB polychlorinated biphenyl
PCE perchlorethylene
PD-RSSCT proportional diffusivity 

RSSCT
PFOA perfluorooctanoic acid
PFR plug flow reactor 
PhAC pharmaceutically active compound
PPCP pharmaceuticals and personal care 

products
PSDM  pore and surface diffusion model
pzc point-of-zero-charge
RSSCT rapid small-scale column test
SAB Science Advisory Board

SCADA  supervisory control and data 
acquisition

SDS simulated distribution system
SDWA Safe Drinking Water Act
SOCs synthetic organic chemicals
SUVA specific ultraviolet absorbance
T&O taste- and odor-causing
TCE trichloroethylene 
TDS total dissolved solids
TOC total organic carbon 
TTHMs total trihalomethanes 
TTHMFP TTHM formation potential
UCMR Unregulated Contaminant 

Monitoring Rule 
UF ultrafiltration
USEPA United States Environmental 

Protection Agency
USGS US Geological Society
UV ultraviolet
UVA ultraviolet absorbance
VOCs volatile organic  compound
WQMP Water Quality Master Plan
WTP water treatment plant
WWTP wastewater treatment plant
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Part 1 
ACTIVATED CARBON ADSORPTION TECHNOLOGIES
For drinking water treatment, activated carbon is primarily used in two ways: fixed 
bed reactors with granular activated carbon (GAC) and slurry application of the 
smaller powdered activated carbon (PAC). In general, the manufacturing process is 
similar for both products. PAC is applied in a manner such that it cannot be economi-
cally recovered from the water treatment stream, so it is removed with the process 
solid residuals. For surface water treatment, GAC can be applied as media in a filter, 
termed a filter adsorber, or applied in a reactor positioned after the filter, a post-filter 
contactor. For direct groundwater treatment, reactors similar to post-filter contactors 
are used. After the adsorption capacity of GAC is exhausted, it must be removed from 
the fixed-bed reactor and reactivated either on-site or off-site. 

While the physical and chemical characteristics of activated carbon can give 
some insight into the potential adsorption behavior, actual adsorption tests with the 
specific activated carbon and the compound of interest in the actual water yield the 
most useful information. These tests are described in the next chapters and include: 
(a) batch equilibrium capacity tests, i.e., “isotherms”; and (b) methods that assess 
both capacity and kinetics, including PAC jar tests and GAC bench-scale and pilot-
scale column tests. 

One critical factor that affects the adsorption efficiency is the influence of the 
background matrix on the adsorption capacity of the target compound, whether it 
is naturally occurring compounds like the odorants 2-methylisoborneol (MIB) and 
geosmin, or anthropogenic compounds like trichloroethylene and atrazine. Increases 
in the concentration of the compounds that compose the background matrix decrease 
the adsorption capacity for the target compound. Activated carbon can also be used 
to control the formation of disinfection by-products (DBPs) through the adsorption 
of dissolved organic matter (DOM). The critical factor here is understanding the 
effect of the influent DOM concentration on the adsorption efficiency. 

The objective of part 1 of this book is to provide an understanding of the 
fundamentals of adsorption by activated carbon from a practical perspective. The 
chapters include adsorption fundamentals (chapter 1), the basics of PAC systems 
(chapter 2), and the basics of GAC systems (chapter 3). The approach taken herein is 
a semi-quantitative one that intends to educate the reader on the factors that affect 
activated carbon adsorption. The approach is based on well-established principles, and 
the reader is referred to several existing monographs on activated carbon adsorption 
that provide the extensive literature review and the quantitative basis that underline 
the approach taken herein (e.g., Sontheimer et al. 1988 and Summers et al. 2010).

Full document details: AWWA Activated carbon. Solutions for improving water quality 2013

http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013
http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013


Activated Carbon: Solutions for Improving Water Quality _______________________________________

2 

References
Summers, R.S., D.R.U. Knappe, and V.L. Snoeyink. 2010. Adsorption of organic compounds by aci-

vated carbon. In Water quality and treatment, 6th ed. J.K. Edzwald, ed. New York: McGraw-Hill 
and American Water Works Association.

Sontheimer H., J.C. Crittenden, and R.S. Summers. 1988. Activated carbon for water treatment, 2nd ed. 
Karlsruhe, Germany: DVWG Forschungsstelle. 

Full document details: AWWA Activated carbon. Solutions for improving water quality 2013

http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013
http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013


Chapter 1 
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Fundamentals of Adsorption

Adsorption is used in water treatment to remove dissolved contaminants by physical 
phase separation in either a steady-state (PAC) or a nonsteady-state (GAC) process. 
Adsorbates accumulate on the surface of the adsorbent until the adsorption capac-
ity is consumed. In the PAC process, the PAC is removed from the water treatment 
stream as a process solids residual. In the GAC process, once the effluent concentra-
tion of the adsorbate reaches the treatment objective, the GAC must be replaced in 
order to continue satisfactory performance. The high internal surface area of acti-
vated carbon provides enough adsorption capacity to make it an economical choice of 
adsorbent. However, regardless of how much surface area is provided for adsorption, 
different target compounds have various affinities for the surface phase versus the 
water phase, making adsorption dependent on the properties of the target compound 
and the background matrix.

This chapter first provides an introduction to the process of manufacturing acti-
vated carbon. Then the physical-chemical process fundamentals of adsorption sys-
tems are discussed.

Activated Carbon Manufacturing and Properties
Activated carbons are manufactured from a wide range of carbonaceous materi-
als. The most common precursor materials for use in drinking water treatment are 
bituminous coal, lignite coal, coconut shells, and wood. The choice of raw material 
affects the internal pore structure, surface area distribution, and surface chemistry. 
Commercial activated carbon production is a two-step process of carbonization of 
the precursor materials and activation. In the pyrolytic carbonization process, the 
temperature of the raw material is raised to the range of 500 to 800 °C in the absence 
of oxygen. Volatile organic matter of the raw material is thermally released, and the 
carbon atoms realign to form a more crystalline structure. The carbonized prod-
uct at this point in the process is heavily influenced by the raw materials used. For 
activated carbon products used in water treatment, a thermal or physical activation 
process then follows in which the temperature of the carbonized product is increased 
to the range of 850 to 1,000 °C in the presence of an oxidizing agent, typically steam 
or carbon dioxide. Activation increases the pore sizes and creates a continuous pore 
structure, which increases the micropore volume (pore width < 2 nm) and the inter-
nal surface area. The mesopore and macropore volumes (pore width > 2 nm) are 
critical to the internal transport of the compound to the micropore surface area, 
which is where most of the adsorption occurs. Activated carbon can be produced in a 
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direct activation process in which the raw material is crushed and then activated, or 
in a reagglomeration process in which the raw material is crushed, reagglomerated, 
crushed again, and then activated. Table 1-1 lists some typical physical properties of 
commercial activated carbon used in water treatment.

The apparent density of GAC is the as-received density of unstratified dry mate-
rial. The bed density is the density after the GAC is placed in the filter or contactor, 
backwashed, and drained. Bed density is generally about 90 percent of the apparent 
density due to stratification.

Once the adsorption capacity of GAC is exhausted, it is removed from the filter 
or contactor and the adsorption capacity is restored in a reactivation process. The reac-
tivation requires conditions very similar to the activation process used in the original 
production. During reactivation, some adsorbed compounds are thermally desorbed, 
but most compounds, including the adsorbed DOM, are oxidized on the GAC surface.

The surface chemistry of activated carbon is a product of the raw materials and 
the activation process. The noncarbon content of activated carbon varies but is typi-
cally in the 10 to 20 percent range and is mostly made up of surface oxygen functional 
groups and minerals (e.g., ash), both of which can negatively affect the adsorption of 
some compounds.

Adsorption
Adsorption is the accumulation of a substance (the adsorbate) on the surface of a solid 
(the adsorbent). While most, but not all, organic compounds of interest in drinking 
water quality are adsorbable by activated carbon, it is the degree of adsorbability that 
is important, as it dictates the cost of using activated carbon. For example, DOM 
consists of a mixture of compounds of which about 90 percent are adsorbable to some 
degree. Large-molecular-weight compounds are excluded from internal adsorption 
sites, and hydrophilic DOM compounds of any size are not attracted to the adsor-
bent surface. The most strongly adsorbed DOM components are low- and medium- 
molecular-weight hydrophobic compounds. 

Adsorption of compounds of interest in drinking water by activated carbon 
occurs mostly by nonspecific physical adsorption as opposed to site-specific chemical 
adsorption. Physical adsorption is caused by nonspecific secondary binding mecha-
nisms, in which electrons are shared between the adsorbate and the adsorbent rather 
than electrons being transferred, as occurs in chemical adsorption. Physical adsorp-
tion can be reversed in response to a change in the concentration gradient between 
the bulk liquid phase and the adsorbed solid phase. Because activated carbon has a 

Table 1-1. Typical activated carbon physical characteristics

Porosity
Surface area 

(m2/g)

Particle  
density  
(kg/m3)

Apparent dry density 
(kg/m3)

Average particle  
diameter (mm)

GAC PAC GAC PAC

0.5–0.8 500–1,200 600–850 300–650 200–750 0.6–3.0 0.01–0.03

* 1 lb/ft3 = 16 kg/m3
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nonhomogeneous surface with specific function groups, a limited degree of chemical 
adsorption for some compounds is possible. 

Batch Adsorption Kinetics
As illustrated in Figure 1-1, removal of a compound by activated carbon is a three-
step process: external mass transfer (EMT), 
internal mass transfer (IMT), and adsorption. 
The first step is external mass transfer of the 
compound from the bulk liquid phase through 
the hydrodynamic layer that surrounds the acti-
vated carbon particle. External mass transfer, 
or film diffusion, can be important and con-
trol the overall kinetics of the adsorbate uptake 
when the flow through a GAC bed is very low 
or when the mixing in a PAC reactor, like the 
flocculation basin, is low. After external mass 
transfer delivers the adsorbate to the external 
surface of the activated carbon particle, inter-
nal mass transfer conveys the adsorbate to an 
adsorption site on the surface of the activated 
carbon where adsorption occurs. The adsorp-
tion reaction of the compound at the activated 
carbon surface is very fast and is not considered 
to be rate limiting. Thus, the overall uptake is 
thought of as a two-step mass transfer process 
of external and internal mass transfer. Because external diffusion and internal diffu-
sion occur in series, the slowest step is rate limiting. Both external and internal mass 
transfers are diffusion-based phenomena where the driving force is the concentration 
gradient of the adsorbate: the difference between the bulk concentration, Cb, and the 
internal concentration at equilibrium, Ce. Internal mass transfer is often the slowest 
and thus controls the overall uptake of an adsorbate. Internal mass transfer may occur 
through the pore fluid or along the pore wall in parallel processes. Both pore diffu-
sion and surface diffusion are controlled by both the activated carbon pore structure 
and the adsorbate properties. Because the pro-
cesses occur in parallel, the faster step, which is 
typically pore diffusion under most conditions 
relevant to water treatment, controls the overall 
uptake of an adsorbate.

The kinetics of the overall adsorbate uptake 
can be illustrated using a completely mixed batch 
reactor (CMBR) such as shown in Figure 1-2, 
where V is the reactor volume, MGAC is the mass 
of activated carbon added, and C0 is the initial 
liquid phase adsorbate concentration. Mixing 
in the reactor is important as the external mass 
transfer resistance can be reduced by increasing 
the mixing enough to reduce the thickness of the 
stagnant film surrounding the particle.

Figure 1-1. Illustration of 
the mass transfer–adsorption 
process 

Figure 1-2. Activated carbon 
adsorption in a completely 
mixed batch reactor 
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After the addition of the activated carbon, the liquid phase concentration of the 
adsorbate in the reactor will decrease as a function of time. Eventually, the net uptake 
of the adsorbate reaches zero. The adsorbate-adsorbent pair is now at equilibrium. 
The liquid phase concentration at this point is termed the equilibrium liquid-phase 
concentration, Ceq, and the time is termed the time to equilibrium, teq. Figure 1-3 illus-
trates the liquid-phase concentration history in a batch test along with the kinetics of 
the adsorbate concentration on the adsorbent surface, solid-phase concentration, q. 
The solid phase concentration at equilibrium, qeq, is attained at the same time as Ceq.

As the adsorbent dose increases, the equilibrium liquid-phase concentration 
decreases as shown in Figure 1-4a. In addition to Ceq being affected by the dose 
increase, the time to equilibrium is also affected. Other factors that affect the kinetics 
or time to equilibrium, but not the equilibrium liquid-phase concentration, include 
the size of the adsorbent, expressed here as the diameter (dAC); diffusion coefficient 
of the adsorbate (D); initial liquid phase concentration; and amount of shear or mix-
ing imparted on the external surface of the adsorbent. The adsorbent size affects the 
internal mass transfer. As the adsorbent size decreases, the internal diffusion path 
length the adsorbate must travel to an adsorption site decreases, and the adsorp-
tion sites can be reached more quickly. The same mass of smaller adsorbent particles 

Figure 1-3. Adsorbate uptake kinetics in a CMBR shown as both (a) liquid-phase 
and (b) solid-phase concentrations

Figure 1-4. Adsorbate uptake kinetics and equilibrium liquid-phase 
concentration in a CMBR as affected by (a) the adsorbent dose and (b) adsorbent 
size (dAC), adsorbate diffusivity (D), and system mixing or shear

teq

Ceq

Li
qu

id
-p

ha
se

 
co

nc
en

tr
a�

on

TimeA teq

qeq

So
lid

-p
ha

se
 

co
nc

en
tr

a�
on

Time B

Co
nc

en
tr

a�
on

, C

Time, t

M or dose

teq

Co
nc

en
tr

a�
on

, C

Time, t

dAC

D, mixing

BA

Full document details: AWWA Activated carbon. Solutions for improving water quality 2013

http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013
http://www.avadocuments.com/doc/awwa-activated-carbon-solutions-for-improving-water-quality-2013


  7

________________________________________________________________ Fundamentals of Adsorption

achieves equilibrium state more rapidly, lower teq, than that of large adsorbent par-
ticles. As the diffusion coefficient and the concentration of the adsorbate increases, 
the flux into the adsorbent increases and the adsorption sites can be reached more 
quickly, also decreasing the time to equilibrium. Factors affecting time to equilibrium 
are summarized in Eq 1-1:

teq= f (dAC
2, D–1, C0

–1) (Eq 1-1)

When external mass transfer is an important factor, increasing the mixing in the 
CMBR or the fluid velocity decreases the boundary layer around the particle, thus 
increasing the overall uptake kinetics.

Adsorption Equilibrium, or Isotherm

Mass Balance
As was shown in Figure 1-4a, increasing the mass of activated carbon added to a batch 
reactor will decrease the equilibrium liquid-phase concentration, and the equilibrium 
solid-phase concentration increases by mass balance as shown in Eq 1-2:

qeq = (C0 – Ceq) × V/m = (C0 – Ceq)/dose (Eq 1-2)

If an experiment is run that varies the adsorbent dose and/or initial concentra-
tion, the equilibrium solid-phase concentration can be calculated, and a relationship 
with the equilibrium liquid-phase concentration can be established. This adsorption 
equilibrium relationship, often termed isotherm, allows the adsorption capacity of the 
adsorbent to be calculated at any given liquid-phase concentration.

Example 1-1. Different masses of activated carbon are added to bottles that con-
tain an adsorbate of interest to yield the doses noted in Table 1-2. Two different initial 
concentrations of the adsorbate were used. To facilitate the mass transfer, small acti-
vated carbon sizes were used, and the bottles were shaken. Preliminary experiments 
determined the time needed to achieve equilibrium (Figure 1-3). After waiting the 
prescribed equilibrium time, activated carbon was filtered from the solution, and the 
adsorbent equilibrium liquid-phase concentration was measured. Calculate the equi-
librium solid-phase concentration at each dose and plot as a function of the equilib-
rium liquid-phase concentration. 

Solution. Using the mass balance (Eq. 1-2), the equilibrium solid-phase concen-
tration was calculated. The results are shown in Table 1-2 and Figure 1-5.

The shape of the isotherm plot is typical of the adsorption of target compounds 
by activated carbon from laboratory clean water. As can be seen for single-solute 
isotherms, the equilibrium relationship is not a function of the initial concentration.

Equilibrium Adsorption Isotherm Models
To be more useful, equilibrium isotherm relationships can be fit with model equations. 
The two most common are the Langmuir and Freundlich models. The Langmuir 
model is more fundamental, has conceptual endpoints as it asymptotically approaches 
a maximum solid-phase concentration at the very high liquid-phase concentration 
range, and has a linear equilibrium relationship at the very low–concentration ranges. 
However, experience has shown that the empirical Freundlich model (Eq 1-3), which 
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is a power function, works best. The Freundlich model can be derived theoretically 
from the Langmuir model assuming a distribution of adsorption site energies. 

qeq = KF Ceq
1/n  (Eq 1-3)

Where 
KF  =  Freundlich constant
1/n  =  Freundlich exponent

To simplify the notation in this chapter, the equilibrium liquid-phase and solid-
phase concentrations are expressed as shown in Eq 1-4:

q = KF C1/n  (Eq 1-4)

To fit the Freundlich parameters to the data, the Freundlich equation can be 
linearized as shown in Eq 1-5:

log q = log KF + 1/n log C (Eq 1-5)

When the isotherm data are plotted on a log scale as shown in Figure 1-5b, the 
slope of the line is the 1/n value, and KF is evaluated on the y-axis at a concentration 
of 1 mg/L. For data expressed in the units shown, the value of 1/n is 0.5 and KF is 
75 (mg/g)/(mg/L)1/n. The value of KF depends on the units of the isotherm data. For 
the same data as above, but if C is in units of µg/L instead of mg/L, the value of KF 
is 2.37 (mg/g)/(µg/L)1/n.

The value of the Freundlich constant (KF) can be useful in gauging the difference 
in the adsorption capacity of a given activated carbon for a range of compounds or 

Table 1-2. Example isotherm results

Initial concentration, C0 
2.00 mg/L

Initial concentration, C0 
0.500 mg/L

Dose 
(mg/L)

Ceq 
(mg/L)

qeq 
(mg/g AC)

Dose 
(mg/L)

Ceq 
(mg/L)

qeq 
(mg/g AC)

5 1.53 92.77 5 0.295 40.74

10 1.18 81.47 10 0.18 31.82

25 0.575 56.87 25 0.056 17.75

50 0.224 35.50 65 0.01 7.50

100 0.066 19.27 150 0.002 3.35

200 0.0175 9.92 335 0.0004 1.50

400 0.0044 4.97 610 0.00012 0.82

800 0.00111 2.50

1,600 0.00028 1.25

3,000 0.00008 0.67
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the adsorption capacity of a given compound for a range of activated carbons, as long 
as the Freundlich exponent (1/n) value is relatively constant. Figure 1-6a illustrates 
three isotherms that all have a 1/n value of 0.50. The larger the KF value, the higher 
the adsorption capacity for a given adsorbate-adsorbent pair. 

However, when the 1/n values of the different isotherms are significantly differ-
ent, as shown in Figure 1-6b, the KF value is only useful in the concentration range 
around 1, in this case 1 mg/L. The isotherm plots converge at lower concentration 
ranges, and to compare adsorption capacities both the KF and 1/n values are needed, 
or comparisons can be made on the basis of a solid-phase concentration at a given 
liquid-phase concentration (qC). For example, q0.001 can be use to represent the solid-
phase concentration at a liquid-phase concentration of 0.001 mg/L (1 µg/L). For this 
example, the isotherm that yielded the lowest capacity in the mg/L range now has the 
highest capacity in the µg/L range.

Summers et al. (2010) have compiled a list of single-solute Freundlich parameters 
for more than 70 compounds of interest; the KF values range from 100 to 0.1(mg/g)/
(µg/L)1/n, and the 1/n values range from approximately 0.8 to 0.1. In general, for the 
KF values expressed in the units (mg/g)/(µg/L)1/n and in a concentration range around 
1 µg/L, compounds with KF values above 10 (mg/g)/(µg/L)1/n can be considered well 
removed by activated carbon, and compounds with KF values below 1 (mg/g)/(µg/L)1/n 
can be considered poorly removed by activated carbon. These Freundlich parameter 

Figure 1-5. Example isotherm (a) arithmetic plot and (b) logarithmic plot
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values have been generated from isotherms with a single type of activated carbon, and 
the adsorption capacity for these compounds may be increased or decreased by the 
use of other activated carbon products. 

A major limitation of the Freundlich model is that it should only be used to 
model the equilibrium data in the concentration range for which it was developed; it 
does not asymptotically approach a maximum adsorption capacity on the high con-
centration end, nor does it approach a linear isotherm on the low concentration range.

Competitive Adsorption
Caution must be exercised in not overusing single-solute Freundlich parameter val-
ues, as they are affected by the background matrix in the water to be treated. If other 
adsorbates are present in the water, as they are in nearly all practical cases, then the 
adsorption capacity for a specific compound decreases, even if the background con-
tains only weaker adsorbing compounds. Figure 1-7 illustrates competitive adsorption 
behavior for a binary system in which Compound 1 is more strongly adsorbed than 
Compound 2 (i.e., KF,1 > KF,2). In Figure 1-7a, the effect of the more weakly adsorbed 
Compound 2 on the adsorption of Compound 1 is shown. Increasing the initial con-
centration of Compound 2 causes the adsorption capacity of Compound 1 to decrease 
relative to the single-solute isotherm at C2,0 = 0. Figure 1-7b shows that increasing the 
initial concentration of more strongly adsorbing Compound 1 causes the adsorption 
capacity of Compound 2 to decrease relative to the single-solute isotherm at C1,0 = 0. 
As expected, the presence of the same amount of Compound 1 is more detrimental to 
the adsorption of Compound 2 (Figure 1-7b) than the other way around (Figure 1-7a). 
While not illustrated in Figure 1-7, the slope and shape of the isotherm in a mixture 
can also be affected. 

Multisolute systems, like the adsorption of a target compound in the presence of 
DOM, add additional complexity to adsorption behavior. Competing adsorbates in 
the same molecular size range as the target adsorbate compete directly for adsorption 
sites (Li et al. 2003). Larger competing adsorbates may not be able to access micro-
pores because of size exclusion. However, size exclusion may also result in partial or 
complete blockage of a pore. Partial blockage of a pore may slow kinetics of the target 
adsorbate, whereas complete blockage of a pore results in surface area behind the 

Figure 1-7. Equilibrium isotherm in a binary mixture (a) strongly adsorbing 
Compound 1 and (b) weakly adsorbing Compound 2
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blockage not being available for further adsorption. Because of its tendency to adsorb 
at multiple sites, adsorbed DOM is nondisplaceable to a large degree (Summers et al. 
2010). Pore blockage and nondisplaceable adsorption cannot be described by ideal 
adsorbed solution theory (IAST). Therefore, reductions in adsorption capacity due to 
these mechanisms are often termed fouling.

DOM Equilibrium Adsorption Behavior
An understanding of DOM adsorption is important, as DOM serves as a precursor for 
the formation of DBPs. DOM is a heterogeneous mixture of organic compounds and 
normally dominated by hydrophobic organic acids such as humic and fulvic acids but 
also contains hydrophilic compounds that are weakly adsorbable or nonadsorbable. 
To measure DOM collectively, the total organic carbon (TOC) concentration is mea-
sured. Figure 1-8 illustrates the adsorption equilibrium relationship of DOM, as mea-
sured by TOC, at two initial DOM concentrations. The adsorption behavior of both 
isotherms displays a nonadsorbable fraction of about 10 percent, and as the equilibrium 
liquid-phase concentration increases, 
so does the adsorbability of the DOM 
in a nonlinear manner. The behavior 
shown in Figure 1-8 cannot be mod-
eled by the Freundlich or Langmuir 
isotherms. When the initial DOM con-
centration decreases to a TOC = 2.5 
mg/L, the adsorption capacity increases 
in all concentration ranges. The com-
plex adsorption behavior of the DOM 
mixture limits the use of the isotherm 
in comparing the DOM adsorption 
behavior from different waters. Because 
the initial DOM concentration must be 
the same, it requires the use of complex 
adsorption models.

Several other adsorbate properties 
can also affect the adsorption equilibrium relationship. Large-molecular-weight mol-
ecules (i.e., > 1,000 Daltons) are often larger in size than the micropores where much 
of the surface area is located; thus size exclusion can limit the amount adsorbed. Weak 
organic bases and acids, like humic and fulvic acids in DOM, can be affected by pH 
because adsorption capacity is higher in the neutral form than the ionized form. 

Ideal Adsorption Reactors
The above adsorption fundamentals were developed for CMBRs that have no volu-
metric flow, Q, into the reactor. Reactors used in water treatment are flow-through 
reactors and behave in the envelope of performance of the two idealized flow-through 
reactors: the plug flow reactor (PFR) and the continuous flow stirred tank reactor 
(CFSTR), shown in Figure 1-9. The difference in behavior is critical in understand-
ing activated carbon performance. These will be described in detail in the next two 
chapters, but an overview at this point is instructive.

The mixing required to suspend PAC media also destroys the spatial concentra-
tion gradient of the target compound, yielding CFSTR behavior. In the ideal CFSTR 

Figure 1-8. Equilibrium adsorption 
isotherms of DOM at two different initial 
concentrations
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(Figure 1-9), the mixing condi-
tions make the concentration 
of the target compound equal 
to the effluent concentration, 
Ceff, at all points in the reactor. 
On the other end of the spec-
trum, the generally laminar 
flow through a packed GAC 
bed maintains the concentra-
tion gradient from the reactor 
influent to the effluent and 
yields PFR behavior. With long 
enough run times, the GAC 
will come to equilibrium with 
the influent concentration, C0. 

The adsorbent in the CFSTR comes to equilibrium with the effluent concentration 
in Eq 1-4, whereas a PFR will come to equilibrium with the influent concentration. 

Example 1-2. Calculate the solid phase concentration, qeq, of atrazine in labora-
tory clean water at equilibrium in a PFR and a CFSTR. The influent concentration 
of atrazine is 50 µg/L, KF is 38.7 (mg/g)(L/µg)1/n, and 1/n is 0.291. The treatment 
objective or desired effluent concentration for atrazine is the maximum contaminant 
level (MCL) of 3 µg/L.

Solution. The solid-phase concentration is calculated directly from Eq 1-3 or 
1-4. The PFR comes to equilibrium with the influent concentration of 50 µg/L:

 g
atrazine mg

211
L

µg
50

µg
L

g
mg

38.7CKqeq PFR

0.2911/n
1/n
0F =



×





×=×=

The CFSTR comes to equilibrium with the effluent concentration, in this case 
3 µg/L:

 g
atrazine mg

3.53
L

µg
3

µg
L

g
mg

38.7CKq
0.2911/n

1/n
eFCFSTR  eq =



×





×=×=

Thus the GAC in the PFR adsorbs over twice the amount of atrazine per mass 
of activated carbon compared to the PAC in a CFSTR. The PFR is a more efficient 
reactor.

Another way of comparing the efficiency of the PAC in a CFSTR to GAC in 
a PFR is the use rate. Table 1-3 defines the use rate in two different forms for each 
reactor: mass of AC per volume of water treated or mass of AC used per day. As such, 
lower use rates are more favorable. Note that the ideal PFR removes all the contami-
nant until breakthrough is reached; therefore, the effluent concentration is zero. 

These calculated use rates are representative of single-solute systems (no back-
ground natural organic matter [NOM]). Typical use rates in drinking water treat-
ment may be more than an order of magnitude higher.

Example 1-3. For the problem given in Example 1-2, calculate use rate in 
kg/1,000 m3 and in kg/day if the flow rate is 4.0 × 104 m3/day (10.6 mgd).

Solution. See Table 1-3. The GAC system requires less than half the amount of 
AC compared to the PAC system. Note: in practical use, the adsorption capacity for 

Figure 1-9. Flow-through reactors: CFSTR for 
PAC and PFR for GAC
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the target compound is much lower due to the competitive effects from background 
organic matter, resulting in higher use rates.
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Table 1-3. Use rate definitions using isotherm parameters and Example 1-3 
calculations

Use Rate PAC–CFSTR GAC–PFR
Mass of AC/volume water treated

 

  (C0 – Ce�)/qeqCFSTR

= (C0 – Ce�)/KF × C1/n
e�

(C0 – Ce�)/qeq PFR

= (C0 – Ce�)/KF × C1/n
0

Mass of AC/day

= Q × (C0 – Ceff)/ KF × C1/n

Q × (C0 – Ceff)/ qeq CFSTR

eff = Q × (C0– Ce� )/ KF × C0

Q × (C0 –Ce� )/ qeq  PFR

1/n

Example 1-3
Use Rate PAC–CFSTR GAC–PFR

Mass of AC/volume water treated = (50 µg/L – 3 µg/L) /
 53.3 µg atrazine/mg AC

= 0.88 mg AC/L

= 0.88 g AC/m3

= 0.88 kg AC/1,000 m3

= 0.0074 lb/1,000 gal

=  (50 µg/L – 0 µg/L) /
 121 µg atrazine/ mg AC

= 0.41 mg AC/L

= 0.41 g AC/m3

= 0.41 kg AC/1,000 m3

= 0.0035 lb/1,000 gal

Mass of AC/day = Q × (50 µg/L – 3 µg/L) /
 53.3 µg atrazine/mg AC

= 4.0 × 104 m3/day × 
 0.88 g AC/m3

= 35 kg/day

= 78 lb/day  

= Q × (50 µg/L – 0 µg/L) /
 121 µg atrazine/mg AC

= 4.0 × 104m3/day ×
 0.41 g AC/m3

= 16 kg/day

= 36 lb/day
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Powdered Activated Carbon Systems

Powdered activated carbon (PAC) can be an effective and economical treatment 
approach under the appropriate conditions. PAC is contacted with the contaminated 
water as a slurry, adsorbs the contaminants, and is removed with particles in the sol-
ids management process. PAC is not recovered and reactivated, thus its carbon use 
rate (lb/day) or dose (lb/MG) can be high. However, the low capital cost associated 
with the PAC feed system combined with the ability to apply PAC seasonally or for 
periodic issues can make it an economic alternative based on an annualized cost. The 
most common PAC use is to control seasonal occurrences of taste-and-odor com-
pounds and pesticides. Many utilities that treat surface waters affected by municipal 
and industrial wastewater discharges and agricultural runoff also keep PAC on-site 
for the emergency control of periodic spikes and spills. In a few cases, PAC has also 
been used for the periodic reduction of cyanotoxins, DOM for DBP control, and 
micropollutants (Summers et al. 2010). 

PAC is applied as a slurry, and it is effective in removing adsorbable compounds 
while it is suspended in the water. However, once it is removed from suspension and 
is not in contact with the contaminated water, it is no longer effective. As was shown 
in chapter 1, the full capacity of the PAC is achieved when the equilibrium concentra-
tion, Ceq, is reached (Figure 1-3). Several factors affect the time that it takes to reach 
equilibrium, teq (Figure 1-4), including the PAC size (dAC) and mixing. This chapter 
explores the influence of these and other operating factors, as well as the adsorbate 
and background matrix chemistry, on the effective use of PAC.

Continuous Flow Stirred Tank Reactor Performance
The most common point of PAC application is before or at the rapid mixer (Fig-
ure 2-1). The rapid mixer and the subsequent flocculation basins are designed to 
keep coagulated particles in suspension such that if PAC is added at the rapid mixer, 
it will remain in suspension through the rapid mixer, the flocculation basin, and 
part of the sedimentation basin. The rapid mixer can be modeled as continuous flow 
stirred tank reactor (CFSTR), and most flocculation basins can be modeled as a series 
of CFSTRs. While CFSTRs are not efficient reactors from a chemical conversion 
perspective, they achieve the main objective of rapid mixers and flocculation basins: 
disperse the coagulants in the water so that they come into contact with the raw water 
particles and subsequently promote floc growth. 

Figure 2-2 shows a diagram of a CFSTR. The PAC is added on a continuous 
basis and on average is in contact with the CFSTR for a residence time (τ) defined as 
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