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A
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A
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U
ses for activated carbon treatm

ent
�

A
ctivated carbon m

anufacturing
�

C
arbon adsorption kinetics

�
G

eneral properties for activated carbon products
�

W
hy proper carbon selection is im
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�

C
arbon dosing and usage predictions

�
Selecting activated carbon products for perform

ance
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�
A

ctivated carbon has tw
o basic classifications

�
Pow

dered activated carbon (PA
C

)
�

G
ranular activated carbon (G

A
C

)
�

G
enerally G

A
C

 out perform
s PA

C
 in all cases, but should it alw

ays be 
preferred?

�
C

arbon selection is com
plex and site specific

�
PA

C
 generally used or seasonal treatm

ent issues, one tim
e use

�
G

A
C

 typically used w
hen source contam

inants persist year round, 
run carbon to breakthrough

�
C

ost effective solutions utilize carbon selection according 
to treatm

ent perform
ance and N

O
T according to unit cost

A
ctivated C

arbon B
asics
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�
A

ctivated carbon treatm
ent is an adsorption 

process that rem
oves organic contam

inants from
 

aqueous solutions
�

A
dsorption involves adherence of the adsorbate to the 

surface structure of the carbon
�

O
ccurs in the m

icropores of the carbon m
aterial deep 

w
ithin the carbon particle, not on the particle surface

�
C

arbon ionic bonding holds contam
inants w

ithin the 
pores

�
O

rganics can be desorbed (pushed off) from
 carbon 

�
W

hen m
ore active organic m

aterial is introduced into 
the system

�
If inlet concentration decreases significantly

�
O

rganics can be rem
oved from

 carbon by chem
ical and 

therm
al m

eans (reactivation processes)

A
ctivated C

arbon B
asics
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�
A

ctivated carbon is a hybrid m
ixture of a w

ide variety of graphite 
platelets interconnected by carbon bonding organized in a random

 
fashion (definition from

 C
algon C

arbon)

�
Pathw

ays betw
een the platelets m

ake up the carbon pore structure
�

C
onfiguration of the platelets influenced carbon source m

aterial
�

G
enerally determ

ines pore structures, internal surface area, and surface 
chem

istry
�

D
ensity of the source carbon develops into an extensive platelet structure of the 

final product
�

D
ense m

aterials create tighter platelet structures w
ith sm

aller pores
�

E
ase of transport needed for contam

inants to reach the adsorption sites

A
ctivated C

arbon B
asics
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�
U

nique trim
odal pore structure of carbons

A
ctivated C

arbon B
asics

7

T
Y

PIC
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C

T
IVA

T
E

D
 C

A
R

B
O

N
S

C
ategory

Size in nanom
eters (nm

)
Size in A

ngström
s (Å

)
M

icropores
<

2
<

20
M

esopores
2 to 50

20 to 500
M

acropores
>

50
>

500
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�
Bitum

inous-based carbons
�

G
ood developm

ent of 
m

icropore, m
esopore, and 

m
acropore m

ixtures
�

G
ood transport capabilities

�
G

ood adsorptive capacity
�

500 m
g/g to 1,100 m

g/g IN
�

Relatively high surface area
�

600 m
2/g to 1,400 m

2/g

A
ctivated C

arbon B
asics
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�
Lignite-based carbons
�

G
ood developm

ent of 
m

acropores w
ith less 

developm
ent of m

esopores 
and m

icropores
�

G
ood transport capabilities 

for sm
aller m

olecules (M
W

 
1,650 or less)

�
Low

er adsorptive capacity
�

U
p to 600 m

g/g IN
�

Relatively low
er surface area

�
U

p to 1,250 m
2/g

A
ctivated C

arbon B
asics
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�
W

ood-based carbons
�

G
ood developm

ent of 
m

icropore, m
esopore, and 

m
acropore m

ixtures
�

G
ood transport capabilities

�
G

ood adsorptive capacity
�

500 m
g/g to 1,100 m

g/g IN
�

Relatively high surface area
�

U
p to 1,480 m

2/g

A
ctivated C

arbon B
asics
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�
C

oconut-based carbons
�

G
ood developm

ent of 
m

icropores w
ith less 

developm
ent of m

esopores 
and m

acropores
�

Low
er transport capabilities,  

but good for sm
aller 

m
olecules (M

W
 700 or less)

�
G

ood adsorptive capacity
�

U
p to 1,100 m

g/g IN
�

Relatively high surface area
�

U
p to 1,480 m

2/g

A
ctivated C

arbon B
asics
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�
A

dsorption occurs in the m
icropore

structures of carbon
�

A
dsorbates m

ust travel (transport) from
 the outer surface 

of the carbon particle to the internal surface area of the 
carbon
�

M
acropores and m

esopores responsible for transport
�

H
igh transport capabilities are needed for m

olecules to enter the 
internal spaces

A
ctivated C

arbon B
asics
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�
E

M
T (external m

ass transfer) delivers adsorbates to the 
outer surface of carbon (film

 diffusion)
�

IM
T (internal m

ass transfer) conveys adsorbates to 
m

icropore adsorption sites (carbon bonding)
�

E
M

T and IM
T are driven by the concentration gradient of 

the solution
�

A
dsorption typically involves chem

ical bonding to the carbon
�

Poor transport develops into carbon fouling (blocking of pore 
structures)

A
ctivated C

arbon B
asics
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�
V

ery general dem
onstration of available pore size 

�
M

icropores should be 1.3 to 1.8
tim

es larger than the m
olecular size 

of the adsorbates to be rem
oved

�
M

esopores should be about 5
tim

es larger than the m
olecular size 

of the adsorbates to be rem
oved

�
Think of adsorbates as spheres rather than elongated shapes

A
ctivated C

arbon B
asics
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C
ontam

inant
Form

ula
M

olecular w
eight

A
pprox. 

diam
eter, nm

T
ransport pore 

size, nm
A

dsorption 
pore size, nm

2-M
ethylisoborneol

C
11 H

20 O
168.3

0.73
3.7

1.31
G

eosm
in

C
12 H

22 O
182.3

0.75
3.8

1.35
A

trazine
C

8 H
14 CIN

5
215.7

0.79
4.0

1.42
A

lachlor
C

14 H
20 CIN

O
2

269.8
0.85

4.3
1.53

M
T

B
E

C
5 H

12 O
88.2

0.59
3.0

1.06
M

ucidone
C

11 H
16 O

2
180.2

0.75
3.8

1.35
Isobutyl m

ercaptan
C

4 H
10 S

90.2
0.59

3.0
1.06

D
im

ethyl sulfide
C

2 H
6 S

62.1
0.52

2.6
0.94

M
ethyl m

ercaptan
CH

3 SH
48.1

0.48
2.4

0.86
Fulvic acids

-
>

3,500
2.01

10.1
3.6

H
um

ic acids
-

>
100,000

6.14
30.7

11.1
B

enzene
C

6 H
6

78.1
0.57

2.9
1.03

T
oluene

C
7 H

8
92.1

0.60
3.0

1.08
X

ylene
C

8 H
10

106.2
0.63

3.2
1.13

E
thylbenzene

C
8 H

10
106.2

0.63
3.2

1.13
M

icrocystin
C

49 H
74 N

10 O
12

1,040
0.67

3.4
1.21

C
ylindrosperm

opsin
C

15 H
21 N

5 O
7 S

415.4
0.49

2.5
0.88

A
natoxin-a

C
10 H

15 N
O

165.2
0.36

1.8
0.65

Saxitoxin
C

10 H
17 N

7 O
4

299.3
0.88

4.4
1.58

T
rihalom

ethanes (T
H

M
s)

varies
119 -253

0.65 –
0.84

3.3 –
4.2

1.2 –
1.5
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�
M

olecules that are too large m
ust either be fractionated or  

elongated to fit through the pore, otherw
ise they w

ill block 
the carbon pore structure preventing adsorption

A
ctivated C

arbon B
asics
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�
Taste and odor control

�
RedXcWLRQV LQ V

O
C

·V, SO
C

·V, SeVWLcLdeV
�

D
BP·V aQd SUecXUVRU UeP

RYaO
�

Reduction of PFA
S (per-fluoroalkyl &

 poly-fluoroalkyl substances)
�

Rem
oval of BTE

X
 (benzene, toluene, ethylbenzene, xylene) and 

other hydrocarbons
�

Rem
oval of cyanotoxins and other algal byproducts

�
ReP

RYaO Rf E
D

C
·V (eQdRcULQe dLVUXSWLQJ cRP

SRXQdV)
�

O
rganics control (w

ater and air)
�

ReP
RYaO Rf VRP

e PPC
P·V (SKaUP

acXeWLcaOV &
 SeUVRQaO caUe SURdXcWV)

U
ses for C

arbon T
reatm

ent -W
ater

19
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�
Reduction of C

O
D

, BO
D

, TO
C

�
Reductions in A

O
X

 (assim
ilable organic halides)

�
Treatm

ent for w
ater reuse 

�
Flue gas treatm

ent
�

Rem
oval of heavy m

etals (N
i, C

d, C
r, Pb, Z

n, H
g)

�
Rem

oval of cyanides (C
N

)
�

Treatm
ent for bioassay and toxicity requirem

ents
�

Treatm
ent for landfill leachate

�
Rem

oval of trace organics and m
icropollutants

U
ses for C

arbon T
reatm

ent -W
W

20
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�
C

om
m

on starting m
aterials

�
Bitum

inous coal
�

Sub-bitum
inous coal

�
Lignite coal

�
W

ood products
�

C
oconut shells (and other nut shells)

�
Raw

 m
aterial type

�
A

ffects internal pore structures
�

Im
pacts relative surface area and adsorption capability

�
D

evelops specific carbon surface chem
istry

A
ctivated C

arbon M
anufacturing
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�
Tw

o step process
�

Step 1 -C
arbonization

�
H

eating to 500
oC

 to 800
oC

 w
ithout oxygen 

�
D

rives off undesirable organics and inorganics
�

A
ligns crystalline structures 

�
Step 2 -A

ctivation
�

H
eating to 850

oC
 to 1,000

oC
 w

ith steam
 or C

O
2

�
Increases pore sizes

�
C

reates trim
odal pore structures

�
Increases internal surface area

A
ctivated C

arbon M
anufacturing
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A
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arbon M
anufacturing (G

A
C

)23

G
raphics courtesy of Calgon Carbon Corporation

�
C

heaper alternative
�

Incom
plete activation

�
C

an increase carbon usage
�

G
enerally shorter life cycle

�
M

ay increase treatm
ent costs
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A
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A
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G
raphics courtesy of Calgon Carbon Corporation

�
M

ore costly alternative
�

A
bout 20%

 higher unit cost

�
M

ore even activation
�

C
an decrease carbon usage

�
G

enerally longer life cycle
�

U
p to double useful life observed

�
M

ay reduce treatm
ent costs
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�
D

ifferent adsorbates rem
oved at different rates

�
A

dsorption approaches equilibrium
 levels in solution

�
D

esorption can occur if m
ultiple adsorbates are in solution

�
H

ighest K
 tends to w

in the activation site

�
W

ater pH
 and tem

perature play an im
portant role 

(equilibrium
 conditions)

�
pH

 levels greater than 8 and tem
perature <

8
oC

�
H

inder adsorption 
�

Increase contact tim
e and dosing

�
Particularly im

portant for pow
dered carbon treatm

ent

C
arbon A

dsorption K
inetics

25



A
ctivated C

arbon C
lassifications and Selection C

riteria for W
ater and W

astew
ater

�
A

dsorption isotherm
s predict carbon use rate

�
D

efine adsorptive capacity and intensity coefficients
�

Based on equilibrium
 conditions betw

een carbon surface, adsorbate 
concentration, and adsorbate equilibrium

 concentration
�

D
eveloped from

 experim
ental data

�
Specific activated carbon products

�
Specific adsorbates

�
Log-log plot of experim

ental data
�

C
aution using isotherm

s
�

M
ultiple adsorbates

�
N

O
M

 im
pacts

C
arbon A

dsorption K
inetics

26
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�
K

 and 1/n generated by 
isotherm

 log-log plot
�

K
-adsorption capacity 

onto carbon
�

1/n
-adsorption intensity 

(rate)

C
arbon A

dsorption K
inetics

27

q = K C
f 1/n

q
= adsorption coefficient, µg/g

K
= adsorptive capacity, (µg/g)(L/µg) 1/n

C
f = final adsorbate level, µg/L

1/n
= adsorption intensity

C
i -C

f / q = carbon dosage
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�
Published K

 and 1/n values 
�

70 com
m

on adsorbates in W
ater Q

uality and 
Treatm

ent, 6
thE

dition, C
hapter 14

�
Specific adsorbates m

ight be obtained from
 

carbon m
anufacturer

�
SRP

e VXcceVV e[SeULeQced, bXW dRQ·W e[SecW \RXU 
contam

inant to be tested by m
anufacturers

�
A

ctivated carbon usage rate estim
ator 

(iPhone/iPad app)
�

C
algon C

arbon C
orporation free dow

nload  in app 
store (C

C
U

RE
)

–
Term

s and conditions apply
–

Predicts usage rate in pounds per 1,000 gallons for m
any 

substances

C
arbon A

dsorption K
inetics

28
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�
Published isotherm

s
�

U
SE

PA
 ´C

aUbRQ A
dVRUSWLRQ IVRWKeUP

V 
fRU TR[Lc O

UJaQLcVµ 1980
�

C
ontains 130 organic substances w

ith adsorption 
activity rates and isotherm

s developed from
 

experim
ental data

C
arbon A

dsorption K
inetics
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inetics G

A
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�
A

dsorption continues in operation
�

Breakthrough reached on G
A

C
 bed

�
D

esorption occurs

�
E

BC
T im

portant
�

Based on reaction rates and carbon type
�

T&
O

, TO
C

, D
BP precursors ²

10 m
inutes

�
C

yanotoxins ²
15 m

inutes
�

D
BP·V, PFC

·V ²
20 m

inutes

C
arbon A

dsorption K
inetics G

A
C

31

G
A

C reactors G
reater O

uachita, 
Louisiana
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G
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G
E

N
E

R
A

L A
C

T
IVA

T
E

D
 C

A
R

B
O

N
 PR

O
PE

R
T

IE
S A

C
C

O
R

D
IN

G
 T

O
 R

A
W

 M
A

T
E

R
IA

L

Property
C

oconut-based
B

itum
inous coal-

based
Lignite coal-based

W
ood-based

M
icropore volum

e
H

igh
H

igh
M

edium
Low

 to m
edium

M
esopore

volum
e

M
edium

M
edium

 to H
igh

Low
 to M

edium
M

edium
 to H

igh

M
acropore volum

e
Low

Low
H

igh
H

igh

G
A

C
 H

ardness
H

igh
H

igh
Low

M
edium

A
sh content

U
p to 5%

3%
 to 8%

U
p to 20%

3%
 to 8%

A
pparent density

0.35 to 0.50 g/cm
3

0.32 to 0.60 g/cm
3

0.2 to 0.36 g/cm
3

0.24 to 0.39 g/cm
3

Iodine num
ber

U
p to 1,100 m

g/g
U

p to 1,000 m
g/g

U
p to 600 m

g/g
U

p to 1,100 m
g/g

R
elative surface area

U
p to 1,480 m

2/g
U

p to 1,400 m
2/g

U
p to 1,250 m

2/g
U

p to 1,480 m
2/g

G
A

C
 R

egeneration 
capability

G
ood

G
ood

Poor
Fair
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�
A

sh content (PA
C

/G
A

C
)

�
Reduces adsorption activity 

�
Reduces reactivation efficiency

�
Should be less than 10%

�
A

brasion num
ber  (G

A
C

 only)
�

Ro-Tap abrasion test com
m

on
�

Structural strength of G
A

C
 to 

w
ithstand shear

�
Backw

ash im
pacts

�
Should be greater than 75

G
eneral Properties of C

arbon Products

33
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�
E

ffective size(G
A

C
 only)

�
G

rain size distribution in m
m

 sim
ilar to 

filter m
edia

�
D

iffers depending on process use
�

Filter G
A

C caps should be m
atched to sand for 

bed expansion (1.0 m
m

 to 2.0 m
m

 E
S)

�
G

A
C

 contactors usually 0.5 m
m

 to 0.8 m
m

 E
S

�
U

niform
ity coefficient (G

A
C

 only)
�

Typical 1.8 to 2.1 for G
A

C
 products

�
A

ssists in controlling backw
ash rates

�
O

btain fluidization curve from
 your 

G
A

C
 m

anufacturer

G
eneral Properties of C

arbon Products

34
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�
Trace capacity num

ber TC
N

 
(PA

C
/G

A
C

)
�

M
easures high energy sites needed 

for adsorption (m
icropores)

�
G

reater than 9 gram
s/cm

3

�
Iodine num

ber IN
 (PA

C
 and 

G
A

C
)

�
Indicates relative surface area and 
activity level

�
U

p to 1,200 m
g per gram

�
800 m

g/g to 1,000 m
g/g com

m
on for good 

quality carbons
�

H
igher num

bers suggest better 
quality carbon

�
1 gram

 has surface area up to 
about 0.36 acres (nearly 16,000 ft 2)

G
eneral Properties of C

arbon Products
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�
TA

C
TIC

 (PA
C

/G
A

C
)

�
Total A

dsorbent 
C

haracterization via 
Tem

perature Influenced 
C

orrection (C
algon C

arbon)
�

Fingerprint of carbon surface 
energy
�

M
acropores ²

0 cal/m
L to 9 

cal/m
L

�
M

esopores ²
6 cal/m

L to 18 
cal/m

L
�

M
icropores ²

15 cal/m
L to 24 

cal/m
L

G
eneral Properties of C

arbon Products
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G
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G
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R
elatively large 

m
esopore volum

e

39.7%
39.3%

21.0%
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�
M

ethylene blue num
ber M

BN
 

(PA
C

/G
A

C
)

�
M

easures adsorption of m
ethylene 

blue dye
�

Suggests m
icropore

volum
e

�
Ranges from

 150 g/g to 450 g/g
�

V
alues can be used to calculate 

volum
es using IN

-M
BN

 ratios

�
M

olasses num
ber (PA

C
/G

A
C

)
�

M
easures adsorption of m

olasses
�

Suggests m
esopore

and m
acropore

volum
e

�
Ranges from

 95 to 600
�

Relative to carbon surface area 
based on IN

-M
BN

 ratios

G
eneral Properties of C

arbon Products
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�
C

om
puter m

odeling pore 
volum

es
�

C
om

puter m
odeling surface 

areas

G
eneral Properties of C

arbon Products
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�
E

stim
ate of pore volum

es and surface area
�

Iodine num
ber 900 m

g/g
�

M
ethylene blue num

ber 150

�
Total pore volum

e 0.26660 cm
3/g

�
M

icropore volum
e 0.1114 cm

3/g (41.8%
)

�
M

eso/M
acropore volum

e 0.15527 cm
3/g (58.2%

)
�

Surface area 852 m
2/g (0.21 acres)

G
eneral Properties of C

arbon Products
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�
A

ctivated carbon should be properly m
atch carbon 

perform
ance to its targeted adsorbates

�
A

dsorbate m
olecular size m

ust fit w
ithin the pore structures to 

reach adsorption sites
�

Large m
olecules m

ay not reach adsorption sites and can block pore structures
�

Poor treatm
ent perform

ance results in higher organics 
concentrations in drinking w

ater and m
ay lead to custom

er 
com

plaints and/or non-com
pliance issues

�
Im

proper carbon type increases chem
ical treatm

ent dosages and 
treatm

ent costs
�

Take care to avoid oxidant/carbon interactions
�

O
xidation byproducts block pore structures

W
hy Proper Selection is Im

portant
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�
PA

C
 dosages can be predicted using em

pirical equations 
from

 research literature
�

C
aution ²

m
any tests carried out in lab pure w

ater w
ith one organic 

substance
�

Source w
ater dosing can be double the predicted values

�
Best practices suggest safety factor of 2 if TO

C
 >

5 m
g/L

�
M

ultiple adsorbates create different kinetics and adsorption 
efficiencies
�

Interferences often observed w
hen m

ultiple adsorbates are in solution
�

D
esorption can occur if higher K

 substance enters carbon particle

C
arbon D

osing and U
sage E

quations
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�
Freundlich equation 
�

Predicts single adsorbate 
rem

oval dosing for carbon 
treatm

ent

C
arbon D

osing and U
sage E

quations

44

q = K C
f 1/n

q
= adsorption coefficient, µg/g

K
= adsorptive capacity, (µg/g)(L/µg) 1/n

C
f = final adsorbate level, µg/L

1/n
= adsorption intensity

C
i -C

f / q = carbon dosage

K
1/n

C
i

D
ose, 

m
g/L

6,309
0.56

50
16

3,630
0.9

50
41

1,259
1.0

50
132

E
stimated PA

C for M
icrocystin

Removal to 0.3 µg/L
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�
E

xperim
ental testing is best m

eans 
to determ

ine carbon dosing
�

RSSC
T, A

C
T, or pilot scale for G

A
C

�
Jar testing for PA

C

�
M

ultiple adsorbates create rem
oval 

difficulties
�

C
om

peting adsorption reactions
�

N
O

M
 tends to block adsorption sites 

and transport pathw
ays

�
D

esorption can occur
�

O
xidants create byproducts tending to 

block adsorption sites

Selecting C
arbons for Perform

ance
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�
C

ontact tim
e and m

ixing im
portant

�
PA

C
 up to 4 hours possible

�
G

A
C

 E
BC

T determ
ined from

 
dem

onstration study
�

pH
 and tem

perature also play a role in 
treatm

ent efficiencies
�

D
osing difficult to calculated 

(predicted) values if m
ultiple adsorbates 

present
�

Freundlich equations
�

D
osing estim

ators
�

D
osage needed could be double

Selecting C
arbons for Perform

ance
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Selecting C
arbons for Perform

ance
�

N
ot all carbons behave 

the sam
e

�
FLOWeU caSSed Z

LWK G
A

C
·V

�
Sam

e iodine num
ber

�
Lignite

appeared to 
outperform

 the 
bitum

inous
(low

er TO
C

 
until breakthrough)

�
Breakthrough (1.7 m

g/L) 
appeared to occur at the 
sam

e bed volum
e 

throughput

52
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Selecting C
arbons for Perform

ance
�

N
ot all carbons behave 

the sam
e

�
PA

C
·V fRU M

IB 
reductions
�

Sam
e iodine num

bers
�

Bitum
inous coal appeared 

to outperform
 the other 

carbon products
�

Likely have better rem
ovals 

at low
er dosages based on 

this study
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Selecting C
arbons for Perform

ance
�

N
ot all carbons behave 

the sam
e

�
PA

C
 treatm

ent of C
O

D
 

in  w
astew

ater
�

Lignite
appeared to 

outperform
 the 

bitum
inous

(greater 
C

O
D

 rem
ovals)

�
Iodine num

bers and PA
C

 
dosages not given in 
literature

�
G

eneral PA
C

 dosing for 
w

astew
ater is 10 m

g/L or 
greater
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�
D

eterm
ine target adsorbate(s) and concentrations

�
D

efine seasonal or prolonged occurrence in treatm
ent

�
Select a PA

C
 or G

A
C

 product accordingly

�
C

onsider kinetics of process
�

A
dsorption isotherm

s give a best guess
�

Published isotherm
 data can predict dosing

�
C

hoose carbon m
atched to the adsorbate m

olecular size
�

M
ay need larger m

esopore volum
e for treatm

ent efficiency (40%
 or  higher)

�
U

se other carbon criteria to properly rem
ove target contam

inant
�

C
onduct testing and life cycle costs for final product selection

�
Buy carbon based on perform

ance, not purchase price

Selecting C
arbons for Perform

ance
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