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Abstract : For a multicomponent solution, such as NOM, which contains components of various
adsorbabilities, the homogeneous surface diffusion model (HSDM) may be unable to accurately predict the
adsorption process since it does not consider pore diffusion. Due to the competition between the weakly
and strongly adsorbing components in the mass transfer zone, pore diffusion may be the dominant
intraparticle mass transfer mechanism for the weakly adsorbing components in a fixed bed adsorbers. In this
study, a sensitivity analysis was performed to determine which parameters have the greatest impact on the
model results for a multicomponent mixture, like NOM. The fictive component ratio was an important
parameter in determining the breakthrough pattern. When the solution contained more strongly adsorbable
component the fixed bed life was extended. Also, the initial concentration was important, yielding much
shorter run times with increasing concentrations. The SPDFR and tortuosity also had a great impact on the
breakthrough pattern for multicomponent solutions, while the molecular weight was found not to be
important in the range found for natural waters. The backwashing impact on the breakthrough pattern of

multicomponent solutions was not significant for the NOM conditions tested.
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INTRODUCTION

For a multicomponent solution, such as NOM,
which contains components of various adsorb-
abilities, the homogeneous surface diffusion
model (HSDM) may be unable to accurately
predict the adsorption process since it does not
consider pore diffusion. The surface loading of
the weakly adsorbing components may be small
compared to the strongly adsorbing components.
Due to the competition between the weakly and
strongly adsorbing components in the mass
transfer zone, pore diffusion may be the domi-
nant intraparticle mass transfer mechanism for
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the weakly adsorbing components in a fixed bed
adsorbers. The weakly adsorbing components are
important as they breakthrough first and can
determine the adsorber run time if a low
effluent criteria is used. Therefore, the pore
diffusion needs to considered when predicting
multicomponent adsorption in the fixed bed
adsorber.”

The plug-flow pore-surface diffusion model
(PFPSDM), which incorporates both pore and
surface diffusion as mass transfer mechanisms,
was developed to predict fixed bed adsorber
breakthrough behavior with mixtures of known
components using the equilibrium and kinetic
parameters of each component in the mixture.”
The PFPSDM has also been used to describe
the NOM breakthrough behavior using equili-
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brium and kinetic parameters of fictive compo-
nents in the fixed bed adsorber.” For this study,
the PFPSDM was used to predict NOM break-
through.

The kinetic parameters used in the PFPSDM
were assumed to be identical for all fictive
components because their liquid diffusivities
were assumed to be same for all fivctive
components.”  Fettig and Sontheimer” have
shown that when the PFPSDM is used only the
intraparticle diffusion coefficient of the strongly
adsorbing components can be determined.

In this study, a sensitivity analysis was
performed to determine which parameters have
the greatest impact on the model results for a
multicomponent mixture, like NOM. The para-
meters used in this study include: molecular
weight, surface pore diffusion flux ratio
(SPDFR), tortuosity ( 7 ), adsorbability and back-
washing frequency for a single component, and
total DOC concentration, composition of fictive
components, tortuosity, SPDFR and molecular
weight for a multicomponent solution. Also,
impact of the parameters was investigated on
backwashing condition.

MODEL DEVELOPMENT FOR
THE PFPSDM

The assumptions incorporated into the PFP-
SDM are as follows: 1) the liquid phase flux is
described by the linear driving force approxi-
mation, 2) the adsorption rate is very fast (local
equilibrium), 3) the multi-component adsorption
equilibria are described by the single solute
Freundlich isotherm equation and IAST, 4) sur-
face and pore diffusion describe the intraparticle
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 direc-
tion occurs by advective flow, and 8) there is
no radial dispersion or channeling.

The mass balance can be expressed in
mathematical terms as follows:
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in which, ¢ is the bed porosity; v is the
interstitial velocity; ep is the void fraction of
the pores within the adsorbent; A is the cross
sectional area of the differential element; Ci(zt)
is the liquid phase concentration of component i;
De, is the axial eddy dispersivity based on the
interstitial velocity of component i; P, is the
adsorbent density; Qavgi(z,t) is the average adsor-
bent phase concentration of component i; Cpavgi
is the average adsorbate concentration of com-
ponent i in the adsorbent pores; z is the axial
coordinate; and t is the elapsed time.

The total average adsorbent phase concen-
tration is given by;
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R
= % fo [qi(r,z,t) - g—:'Cp'i(r,z,t) rdr
)]

in which, R is the radius of the adsorbent; and r
is the radial coordinate.

Dividing Eq. 1 by AJdzAt and taking the
limits as 4z and At approach zero and
substituting the Eq. 2 into Eq. 1 yield Eq. 3.
Eq. 3 is the final form of the overall mass
balance for component i in the fixed bed
adsorber.
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The dispersion term in Eq. 3 can be neglected
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based on initial model assumptions. Thus, 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:

C(0<x<L,t=0)=0 “

V[Cn - Ci(zz L,t)] =

c[foL[Ci(Z’t)-k BDa(l g) ]

0
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The liquid phase mass balance for component
i is derived using the same differential element
used in the previous development. The final
form of the liquid phase mass balance for
component i in the fixed bed adsorber is:

2
v dC(z,t) +D,, d Ci(zz,t) _
dz o dz
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in which, C,i(r=R,zt) is the adsorbate phase
concentration of component i at the adsorbent
surface and A is the external mass transfer
coefficient. The final form of the intraparticle
mass balance is given by Eq. 7.

1 a[ D, aqi(r,z,t) Dp,ep oC, (rzt)]
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in which, Ds,i is the surface diffusion coefficient
and Dp,i is the pore diffusion coefficient of
component i. The initial condition for Eq. 7 is:

€
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The following equations are the boundary

conditions for Eq. 7.
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The nonlinear equation which couples the
liquid and intraparticle mass balances is the
Freundlich isotherm equation; gq=KC". Applying
the IAST, the final result including the axial
coordinate for the concentration of a multi-
component is given by:

1
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The pore diffusion coefficient is defined by
Eq. 12 where r is the tortuosity.

1 (12)

in which Dy is the liquid diffusivity. The
surface diffusion coefficient, Ds, is a function of
the empirically determined surface pore diffusion
flux ratio (SPDFR).

D. = D.g, C, SPDFR
s KC! (13)
When the SPDFR is much greater than 1.0

the dominant intraparticle 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.
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BACKWASHING MODEL
DEVELOPMENT

Backwashing model for multicompoment is
very similar to that of single component. There-
fore, after backwashing each axial coordinate
will have the same radial concentration gradient
for each adsorbable component. The Eq. 14 and
15 which were described in part 1 was used for
backwashed condition. However, the solid phase
concentration of each fictive component was
calculated based on the Eq. 14 in the part I.
Also, the liquid phase concentration after back-
washing was set to the influent concentration of
each fictive component.

RESULTS AND DISCUSSION

The parameters and their starting values for a
multicomponent, such as NOM, are listed in
Table 1. Initial parameter values were obtained
from previous studies.’® In this study, the
fictive components are divided based on the K
values of Freundlich isotherm,

Table 1. Input Parameters and Initial Values for
Multicomponent Sensitivity Analysis

CO | Tortuosity | SPDFR FCD’ MW
mg/L - - - daltons
6.0 7.0 0.1 10:10:15:65 | 2250

FCR’ : Fictive component distribution (K= 0,10,25,50)
MW : Molecular weight
n=202

Figure 1 shows the impact of fictive compo-
nent composition at the same initial total 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 concentra-
tion. When the solutions contained the 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

1.0
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[ D,=1.66x10% cms
[ B8F=500 BY
—— non BW
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Case IV= (10, 10, 10, 70)

Normalized concentration, C/Cg
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Figure 1. Impact of fictive component ratio on
multicomponent solution breakthrough.

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 break-
through.

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 dif-
ferent reasons; one is the reverse of the
concentration gradient and the other is dis-
placement 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 component was staggered and when
summed together, the fictive components beha-
vior at different degrees of breakthrough com-
pensated for the early breakthrough. Thus,
further sensitivity analysis for the multicom-
ponent solution was not performed with the
backwashed column model.

Figure 2 shows the breakthrough of each
fictive component for natural groundwater. The
overall breakthrough was divided into three
fictive components based on K values. The
lower the K values showed the earlier break-
through. However, the impact of backwashing
was smaller in overall breakthrough than those
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DOC,= 6.3 mgiL
SPDFR=0.2, t= 4.0
BF= 240 BV

Normalized concentration, C/Cq
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Figure 2. Fictive component breakthrough for nat-

rual groundwater.
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Figure 3. Impact of initial concentration on mul-
ticomponent solution breakthrough.

in each fictive component.

Figure 3 shows the impact of initial total
DOC concentration at same fictive component
ratio. The initial DOC concentration was varied
from 1.0 to 10.0 mg/L, which is representative
of treated drinking waters. The impact of initial
DOC concentration can be clearly seen from the
graph. As the initial concentration was increased,
performance decreased as indicated by shorter
run time to 50 percent breakthrough.

Figure 4 shows the impact of tortuosity on
PFPSDM breakthrough pattern. The tortuosity
was varied from 1.0 to 10.0 When the tortu-
osity was 1.0, there was no breakthrough until
1,000 BV. When the tortuosity is 1.0 the
diffusion path is same as the particle radius. The
impact of tortuosity on breakthrough pattern of a
multicomponent  solution was very different
compared to that of a single component which
was on Figure 6 in part I. The shape of the
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Figure 4. Impact of tortuosity on multicomponent
solution breakthrough.
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Figure 5. Impact of SPDFR on multicomponent
solution breakthrough.

breakthrough pattern was not as affected by
varying the tortuosity, however, the time to 60
percent breakthrough was extended by decreasing
the tortuosity. The effluent concentrations of the
r=10"and ¢=1 runs were equal at 85 percent
breakthrough, after which the breakthrough for
=1 was higher.

Figure 5 shows the impact of the SPDFR on
breakthrough for a multicomponent. The SPDFR
was varied from 0.01 to 2.0, i.e., the dominant
mass transfer mechanism was varied from being
99 percent pore diffusion to 67 percent surface
diffusion. The initial breakthrough was extended
by increasing the SPDFR, i.e., surface diffusion
domination. Also, when the SPDFR was greater
than 0.5 the program started to show instability
for these adsorpiton conditions. Most of the
natural waters could be simulated a SPDFR of
0.3.

The molecular weight impact for the multi-
component solution breakthrough is shown in
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Figure 6. Impact of molecular weight on mul-
ticomponent solution breakthrough.

Figure 6. The graph shows the impact for two
different molecular weights at two different con-
ditions. Even though the molecular weights were
varied as much as a factor of 2, the impact on
the breakthrough was less than 5 percent for
both conditions and molecular weights.

CONCLUSIONS

The fictive component ratio was an important
parameter in determining the breakthrough pat-
tern. When the solution contained more strongly
adsorbable component the fixed bed life was
extended. Also, the initial concentration was
important, yielding much shorter run times with
increasing concentrations. The SPDFR and tor-
tuosity, also had a great impact on the break-
through pattern for multicomponent solutions,
while the molecular weight was found not to be
important in the range found for natural waters.
The backwashing impact on the breakthrough
pattern ~ of multicomponent solutions was not
significant for the NOM conditions tested. This
was due to staggered breakthrough of each

fictive component and when summed together
the fictive component concentrations compensate
for each other.
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