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Abstract−A fixed bed is gradually exhausted from top to bottom without backwashing; however, backwashing can

rearrange the concentration gradient in the bed. After backwashing, saturated particles which are located at the top of

the bed are homogeneously distributed in the bed. The used model to predict adsorption and backwashing effect of

organic component is the plug flow pore surface diffusion model (PFPSDM). A sensitivity analysis was performed

to determine which parameters have the greatest impact on the model results for components which can represent var-

ious organics. In addition, the effects of backwashing were examined by rearranging concentration gradient. For single

component sensitivity analysis, the molecular weight was an important parameter. The breakthrough of the smaller

molecular weight component was impacted more by backwashing. The SPDFR showed a significant impact on the

breakthrough pattern. When surface diffusion was the dominant mechanism, high SPDFR, the breakthrough profile

was sharper than when pore diffusion was dominant, low SPDFR. The adsorbability was an important parameter in

determining the breakthrough pattern. As expected, the strongly adsorbable component showed the later breakthrough.

Backwashing yielded earlier breakthrough for all single components and multi-components examined.
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INTRODUCTION

Adsorption of organic components on activated carbon is an inter-

facial phenomenon which is driven by concentration difference or

gradient of solute at a phase boundary compared to a bulk solution.

In the activated carbon adsorption, the interface is the pores or sur-

faces which exist outside or inside of the carbon particles. The pore

consists of very complex channels of inside of the particles. Accord-

ingly, an adsorbate should penetrate from bulk solution into the inner

structure of activated carbon particles before it reaches an interfa-

cial surface. Therefore, activated carbon adsorption is known as a

mass transfer or transfer phenomenon.

Once an adsorbate has diffused from the bulk solution to the sur-

face of the adsorbent, it can either adsorb or diffuse to the inside of

the adsorbent. The high internal surface area of the adsorbent causes

a concentration gradient for the adsorbate, which is the driving force

for the flux. The internal mass transfer step can proceed within the

fluid void space contained within the pores, which is referred to as

pore diffusion, or along the surface walls of the pores as adsorbed

molecules, which is referred to as surface diffusion [Sontheimer et

al., 1988]. Thus, the overall mass transfer incorporates two intra-

particle mechanisms and one external mechanism, which can be

used to describe the adsorption kinetics in a fixed bed adsorber.

There are many models to predict adsorption behaviors on acti-

vated carbon. Homogeneous surface diffusion model (HSDM) is

one of the well known models to predict adsorption of organic com-

ponents onto activated carbon. However, the HSDM does not con-

sider the pore diffusion.

The other model to predict adsorption of organic component is

the plug flow pore surface diffusion model (PFPSDM). The model

considers that the diffusion is divided into pore and surface diffu-

sion. Therefore, the PFPSDM can predict adsorption behavior more

precisely if the diffusion is incorporated with pore diffusion. Organic

compounds in source water for drinking water treatment are very

complex. It is necessary to understand the multicomponent adsorp-

tion to remove the organics in drinking water treatment. In addi-

tion, backwashing of the fixed bed is very common in drinking water

treatment to reduce headloss caused by accumulation of particles

or biomass in the bed. However, the effect of backwashing has not

been investigated for single component and multi-component. On

the other hand, activated carbon adsorption with attached biofilm

is sometimes used in water and wastewater treatment [Shim et al.,

2004; Kim et al., 2002].

In this study, a sensitivity analysis was investigated to determine

which parameters have the greatest impact on the model results for

components, which can represent various organics. In addition, the

effect of backwashing was observed for single component and multi-

components organics. The parameters used in this study include

molecular weight, surface pore diffusion flux ratio (SPDFR), adsorb-

ability and backwashing frequency for a single component. In addi-

tion, ratio of fictive component was used for multi-component.

MODEL DEVELOPMENT FOR THE PFPSDM

The equations describing the PFPSDM in a fixed bed adsorber are

presented. In this study, the general equations are developed in dimen-

sional form; the dimensionless forms are described by [Vaith, 1988;

Vaith et al., 1988]. The assumptions incorporated into the PFPSDM

are as follows: 1) the liquid phase flux is described by the linear
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driving force approximation, 2) the adsorption rate is very fast (local

equilibrium), 3) the single component adsorption equilibrium is de-

scribed by the single solute Freundlich isotherm equation, and the

multi-component adsorption equilibrium is described by the single

solute Freundlich isotherm equation with ideal adsorbed solution

theory (IAST), 4) surface and pore diffusion describe the intraparti-

cle mass flux and are independent of concentration, 5) there are no

solute-solute interactions in the diffusion process, 6) the adsorbent

particle is spherical, 7) solute transport in the axial direction occurs

by advective flow, and 8) there is no radial dispersion or channeling.

To derive the overall mass balance for component in the fixed

bed, a mass balance is written on a differential element in the bed.

The adsorbate can be transferred into or out the differential element

by advection and diffusion. The mass balance can be expressed in

mathematical terms as follows:

(1)

in which, ε is the bed porosity; v is the interstitial velocity; εp is the

void fraction of the pores within the adsorbent; A is the cross sec-

tional area of the differential element; Ci(z, t) is the liquid phase

concentration of component i; De, i is the axial eddy dispersitivity

based on the interstitial velocity of component i, ρa is the adsorbent

density; qavg(z, t) is the average adsorbent phase concentration of

the component; Cp, avg is the average adsorbate concentration of the

component in the adsorbent pores; z is the axial coordinate; and t is

the elapsed time. The subscript, i, indicates each fictive component.

The average adsorbent phase concentration is given by;

(2)

in which, R is the radius of the adsorbent; and r is the radial coor-

dinate.

Dividing Eq. (1) by A∆z∆t and taking the limits as ∆z and ∆t

approach zero and substituting the Eq. (2) into Eq. (1) yields Eq.

(3). Eq. (3) is the final form of the overall mass balance for com-

ponent i in the fixed bed adsorber.

(3)

The dispersion term in Eq. (3) can be neglected based on initial mod-

el assumptions. Eq. (3) becomes a first order partial derivative with

respect to z. In order to solve Eq. (3), one initial condition and one

boundary condition are needed. The initial and boundary conditions

are as follows:

Ci(0≤x≤L, t=0)=0 (4)

(5)

The liquid phase mass balance for the component is derived using

the same differential element used in the previous development.

The final form of the liquid phase mass balance for the component

i in the fixed bed adsorber is:

(6)

in which, Cp, i(r=R, z, t) is adsorbate concentration of component at

the adsorbent surface and βL is the external mass transfer coeffi-

cient. The final form of the intraparticle mass balance for the com-

ponent i is given by Eq. (7).

(7)

in which, Ds is the surface diffusion coefficient and Dp is the pore

diffusion coefficient of the component. The initial condition assumes

that there is no adsorbate in the adsorbent initially. The initial con-

dition for Eq. (7) is:

(0≤r≤R, 0≤z≤L, t=0)=0 (8)

The following equations are the boundary conditions for Eq. (7).

(9)

(10)

(11)

The nonlinear equation which couples the liquid and intraparticle

mass balances is the Freundlich isotherm equation; q=KC
1/n

. The

final result including the axial coordinate for the concentration of a

single component is given by Randtke and Prausnitz [1972] and

Randtke and Snoeyink [1983]

(12)

Applying the IAST, the final result including the axial coordinate

for the concentration of a multi-component is given by:

(13)

The pore diffusion coefficient is defined by Eq. (13) where τ is the

tortuosity.

(14)

in which DL is the liquid diffusivity. The surface diffusion coeffi-

cient, DS, is a function of the empirically determined SPDFR.
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(15)

When the SPDFR is much greater than 1.0 the dominant intra-

particle mechanism is surface diffusion. When it is much less than

1.0, pore diffusion dominates. When the SPDFR is 1.0 there is no

dominant intraparticle mechanism, i.e., surface diffusion and pore

diffusion equally contribute.

The above equations, from Eq. (1) to (15), constitute the PFPSDM.

A system of simultaneous partial differential equations is solved by

converting the equations to a system of ordinary differential equations

by using the method of orthogonal collocation and then integrating by

the GEAR method using the subroutine DGEAR [Fridman, 1984].

BACKWASHING MODEL DEVELOPMENT

Unless a prefilter is used, it is common in practice to backwash

fixed-bed adsorbers on a regular basis to reduce headloss due to

the accumulation of solid particles in the bed. However, backwashing

can be detrimental to adsorber performance, as it has been shown

to lead to earlier breakthrough [Hong, 1998; Yuasa, 1982].

The liquid and solid phase mass balances for the model devel-

opment for a backwashed adsorber are the same as those used in

the PFPSDM. The only difference is in accounting for backwash-

ing. When the bed is backwashed the adsorbent phase concentra-

tions will be redistributed due to the mixing. Since the new distri-

bution of concentration is not known, the simplest form is to as-

sume that the bed is completely mixed during backwashing, yielding

the same solid phase concentration at all depths. Given the particle

size and density distribution found with commercially available gran-

ular activated carbon (GAC), backwashing a column in practice

does not yield a total restratified bed, but results in a very similar

particle distribution after each backwashing. Thus, the assumption of

completely mixed bed after backwashing is a conservative approach.

The solid phase concentrations are averaged axially for each radial

coordinate. Therefore, after backwashing each axial coordinate will

have the same radial concentration gradient. All solid phase con-

centrations at each radial position are set to the average concentra-

tion, qi, calculated by Eq. (16).

(16)

The liquid phase concentration after backwashing can be set to the

influent concentration (untreated water) or to a zero concentration

(treated water). The worst scenario would be to use untreated water,

which would give the most conservative results. For this reason,

the liquid phase concentration was set to the influent concentration

as follows:

Ci(z, t)=Ci, 0 (17)

The model follows the adsorption equations until the next back-

washing process is introduced.

RESULTS AND DICUSSION

1. Sensitivity and Effect of Backwashing for Single Component

The parameters examined and their starting values are listed in

Table 1. Selected parameters were varied one at a time over a range

of values to test the response of the model. Sensitivity analysis was

simultaneously performed for both the adsorption and the backwash-

ing models. To assess the relative importance of estimating the mass

transfer parameters for the fixed bed adsorber, first the single com-

ponent sensitivity analysis was conducted. The initial parameter

values used were determined based on the most general situation:

bed porosity, ε=0.45, void fraction of the pore, εp=0.55, adsorbent

density, ρa=0.856 g/cm3; equal pore and surface diffusion fluxes,

SPDFR=1.0; the diffusion path is equal to particle radius, τ=1.0;

small molecules, MW=300; backwashing every 6.5 days for an

adsorber with an 8 min empty bed contact time (EBCT), backwash-

ing frequency (BF) of 1,000 BV; K and n values of a well adsorbed

compound, K=25 and n=0.2. The concentration and K values used

in section were expressed in terms of dissolved organic carbon. An

EBCT of 8 min was used.

Before backwashing, there exists a solid phase concentration dis-

tribution in the bed, as well as a bulk liquid solute concentration dis-

tribution as shown in Fig. 1. The solid phase concentration distri-

bution within the adsorbent is a function of position in the bed. The

bed is gradually exhausted from the top of the column to the bot-

tom of the column without backwashing. However, after backwash-

ing the mass transfer zone no longer exists because of complete mix-

ing of the adsorbent, in which the saturated adsorbent at the top of the

DS = 
DLεpC0SPDFR

KC0

n
-----------------------------------

qi r z t, ,( ) = 

qi r z t, ,( )dz
0

L

∫

dz
0

L

∫
-----------------------------

Table 1. Input parameters and initial values for sensitivity anal-
ysis

C0 Tortuosity SPDFR K N MW* BF*

mg/L - - (mg/g)(L/mg)n - daltons BV*

5.0 1.0 1.0 25 0.2 300 1,000

MW*: Molecular weight

BF*: Backwashing frequency

BV*: Bed volumes

Fig. 1. Comparison of saturated adsorbents distribution before and
after backwashing in the fixed bed.
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column can be relocated to the bottom of the column. After back-

washing, the adsorbate concentration in the liquid phase can be lower

than that of the solid phase at the bottom of the column, because

the adsorbate concentration in the liquid phase is reduced while pass-

ing through the bed. Generally, the backwashed column showed

earlier breakthrough due to the reverse adsorbate concentration gra-

dient from the adsorbent to liquid phase at the bottom of the col-

umn. The reverse concentration gradient occurred because saturated

adsorbents from the top of the column were relocated to the bottom

of the column after being completely mixed during backwashing,

allowing desorption to take place. This desorption can occur when

the adsorption is reversible. The model response to a change in the

molecular weight (MW) or liquid diffusivity is shown Fig. 2. The

molecular weight was varied from 200 to 200,000. NOM has a mo-

lecular weight range of about 1,000 to 100,000. Liquid diffusivity

is function of the molecular weight; lower molecular weight indi-

cates faster liquid diffusivity. The liquid diffusivity coefficient was

varied from 4.69×10−6 to 4.69×10−7 cm2/s. In the PFPSDM, the liquid

diffusivity affects both the pore and surface diffusion coefficients.

A higher liquid diffusivity results in larger pore and surface diffu-

sion coefficients. Therefore, smaller molecular weight components

are transported more quickly through the boundary layer and in the

particle compared to the MW components. The lowest MW com-

pound showed a very sharp breakthrough curve. As the MW was

increased, the shape of the breakthrough curve to 60 percent break-

through was broader and indicated earlier breakthrough. The im-

pact of varying the MW was similar for the backwashing model

predictions. However, backwashing had a much greater impact on

the breakthrough of the smaller MW components, as it resulted in

an earlier breakthrough compared to that of the non-backwashed

column. This was due to faster diffusivities of the smaller MW com-

pounds, which allowed them quickly diffuse out of the GAC after

backwashing. The impact of backwashing decreased as the MW

was increased.

Fig. 3 shows the impact of the SPDFR on breakthrough. When

surface diffusion dominates, SPDFR>1, the breakthrough pattern

is sharper than when pore diffusion dominates, SPDFR<1. Similar

tends are seen with the backwashing model prediction, but back-

washing always yielded earlier breakthrough for a given SPDFR.

Fig. 4 shows the impact of adsorbability and backwashing on

the breakthrough. Each K value represents a common synthetic or-

ganic compound in terms of dissolved organic carbon. As expected,

the weakly adsorbable component represented by dibromochloro-

methane, K=11, showed earlier breakthrough compared to the other

two components. The impact of backwashing was very similar over

the range of adsorbabilities examined. The backwashed column show-

ed at most a 33 percent earlier breakthrough compared to that of the

non-backwashed column at 10 percent breakthrough, while back-

washing did not show any significant impact on the breakthrough

pattern at 50 percent breakthrough.

The model response to a change in backwashing frequency is

shown Fig. 5. The backwashing frequency was varied from 300 to

5,000 BV, which represents backwashing every 2 to 30 days for an

8 min EBCT column. Even backwashing at 30 days intervals (BF=

5,000 BV) impacted the breakthrough curve for this K value with

a 50 percent breakthrough at 8,000 BV. More frequent backwash-

ing resulted in earlier breakthrough at 10 percent breakthrough; how-

ever, there was no significant effect at 50 percent breakthrough. More

frequent backwashing showed less impact of backwashing at each

backwashing occurrence, because the less saturated adsorbent was

relocated to the bottom of the column and less desorption occurred

due to the concentration gradient. When the column is backwashed

every 50 to 100 BV or more often, the column will behave like a

fluidized bed, which means that the mass transfer zone will not exist

Fig. 2. Imparct of liquid diffusivity or molecular weight on single
component breakthrough. Fig. 3. Impact of surface pore diffusion flux ratio on single com-

ponent breakthrough.

Fig. 4. Impact of adsorbability on single component breakthrough.
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in the column.

2. Sensitivity and Effect of Backwashing for Multi-component

The parameters and their starting values for a multi-component,

such as NOM, are listed in Table 2. Initial parameter values were

obtained from previous studies. In this study, the fictive compo-

nents are divided based on the K values of Freundlich isotherm.

Fig. 6 shows the impact of fictive component composition at the

same initial total dissolved organic carbon (DOC) concentration.

The concentration distribution of the fictive component fractions

was varied similar to that of occurring in natural waters. The non-

adsorbable fraction (K=0) was fixed at 10 percent of the initial total

DOC concentration. When the solutions contained large amounts

of the weakly adsorbable fraction (cases I and II), the breakthrough

patterns showed a similar trend up to the 40 percent breakthrough

point. After that point, the breakthrough was dictated by the mid-

adsorbable and strongly adsorbable fractions. The increasing the

amount of the strongly adsorbable fraction in the multi-component

solution yielded the later breakthrough.

Fig. 7 shows the breakthrough of each fictive component and

overall breakthrough as multicomponent. As seen for the single solute

sensitivity analysis, each fictive component of the multi-component

solution broke through earlier in the backwashed column compared

to the adsorption column. For the multicomponent solution, the earlier

breakthrough can be caused by two different reasons: one is the re-

verse of the concentration gradient and the other is displacement of

the weakly adsorbable components on the adsorbent by the strongly

adsorbable components. However, the backwashing impact for the

multicomponent solution was not significant compared to that for

the single component because the breakthrough of each fictive com-

ponent was staggered and when summed together, the fictive com-

ponents’ behavior at different degrees of breakthrough compensated

for the early breakthrough. Thus, further analysis for the multicom-

ponent solution was not performed.

CONCLUSIONS

For the single component sensitivity analysis, the molecular weight

was an important parameter. It had a great impact on the single com-

ponent breakthrough pattern because the low molecular weight com-

pounds had faster liquid diffusivities. The breakthrough of the smaller

molecular weight components was impacted significantly by back-

washing. Because of their faster diffusivity the compound could

diffuse out of the adsorbent after backwashing and appear in the ef-

fluent. The SPDFR showed a significant impact on the breakthrough

pattern. When surface diffusion was the dominant mechanism, high

SPDFR, the breakthrough profile was sharper than when pore dif-

fusion was dominant, low SPDFR. The adsorbability was an impor-

tant parameter in determining the breakthrough pattern. As expected,

the strongly adsorbable component showed a later breakthrough.

Backwashing yielded earlier breakthrough for all single components

examined. The more frequent backwashing showed the wider break-

through pattern. The fictive component ratio was an important pa-

Fig. 5. Impact of backwashing frequency on single component
breakthrough.

Table 2. Input parameters and initial values for multi-component
sensitivity analysis

C0 Tortuosity SPDFR FCD* MW*

mg/L - - - daltons

6.0 7.0 0.1 10 : 10 : 15 : 65 4500

FCD* : Fictive component distribution (K=0, 10, 25, 50)

MW*: Molecular weight

n=0.2

Fig. 6. Impact of fictive component ratio on multicomponent solu-
tion breakthrough.

Fig. 7. Fictive component breakthrough and effect of backwash-
ing on multi-components.
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rameter in determining the breakthrough pattern in multi-compo-

nents. When the solution contained more strongly adsorbable com-

ponent, the fixed bed life was extended. The backwashing impact

on the breakthrough pattern of multi-component solutions was not

significant for the NOM conditions tested. This was due to stag-

gered breakthrough of each fictive component, and when summed

together the fictive component concentrations compensate for each

other.
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NOMENCLATURE

A : cross sectional area [L
2
]

C : liquid phase concentration [M/L]

De, i : axial eddy dispersitivity [L
2
/t]

Dp, i : pore diffusion coefficient based on pore void fraction [L
2
/t]

Ds, i : surface diffusion coefficient [L
2
/t]

DL : liquid diffusivity [L
2
/t]

K : Freundlich constant [M/M][L
3
/M]

1/n

1/n : Freundlich constant [dimensionless]

L : length of fixed bed [L]

M : mass of adsorbent [M]

q : solid phase concentration [M/M]

R : radius of adsorbent [L]

t : time [t]

v : interstitial velocity [L/t]

z : axial coordinate [L]

Greek Letters

ε : void fraction in fixed bed [dimensionless]

εp : void fraction in adsorbent [dimensionless]

βL : film transfer coefficient [L/t]

τ : tortuosity [dimensionless]

ρa : adsorbent density [M/L3]

Subscripts

0 : initial condition

i : each component

avg : average

p : pore

s : surface
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