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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with
protecting the Nation's land, air, and water systems. Under a mandate of
national environmental laws, the agency strives to formulate and implement ..
actions leading to a compatible balance between human activities and the
ability of natural systems to support and nurture life. The Clean Water Act,
the Safe Drinking Water Act, and the Toxics Substances Control Act are three
of the majcr congressional laws that provide the framework for restoring and
maintaining the integrity of our Nation's water, for preserving and enhancing
the water we drink, and for protecting the environment from toxic substances.
These Taws direct the EPA to perform research to define our environmental
problems, measure the impacts, and search for solutions.

The Water Engineering Research Laboratory is that component of EPA's
Research and Development program concerned with preventing, treating, and
managing municipal and industrial wastewater discharges; establishing
practices to control and remove contaminants from drinking water and to
prevent its deterioration during storage and distribution; and assessing the
nature and controllability of releases of toxic substances to the air, water,
and land from manufacturing processes and subsequent product uses. This
publication is one of the products of that research and provides a vital
communication 1ink between the researcher and the user community.

In treating drinking water to remove synthetic organic chemicals, granular

activated carbon is used. The research reported here considers the surface
diffusivities of organic chemicals adsorbed onto granular activated carbon.

+Francis T. Mayo, Director
Water Engineering Research Laboratory
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ABSTRACT

Differential column batch reactor (DCBR) experiments in organic-free water
were conducted for the following volatile organic compounds (VOCs):
trichloroethene, tetrachlcroethene, cis-1,2 dichlorethene, and toluene.
Surface diffusion was required to explain the rate of uptake for the VOCs, and
the contribution of pore diffusion was determined to be negligible. Since
considerable time is required to conduct a DCBR study, a correlation was
developed for the surface diffusion based on the liquid diffusivity of the
adsorbates and the physical properties of the activatied carbon. The
correlation can be used to calculate the surface diffusivities of halogecnated
one- and two~-carbon molecuies and some aromatic substituted organic compounds
for two types of carbors. The significance of this correlation is that it can
be used to calculate the mass transfer zone lenghts of VOCs in a fixed-bed
adsorber with a fair amount of precision. '

This research work was supported by U.S. Environmental Protection Agency
cooperative agreement CR 811150-03-0.
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Y. INTRODUCTION

Treatment with granular activated carbon (GAC) is a useful, but expensivs
technigque for removal of synthetic organic chemicals (SOCS) found in drinking
water sources. A properly designed fixed~bed adsorption is required in order
to reduce the cost of using GAC. A pilot investigation and a predictive model
can be vsed to design a fixed-bed process. A pilct investigation is only valid
for the duration of the study. A predictive model and a pilot investigation,
however, allows a user to design fixed-bed adsorbers for treatment conditions
other than the original pilot investigation. The HSDM (Homogeneous Surface
Diffusion Model) has been shown to successfully predict fixed-bed adsorber
dynamics for a ntmber of adsorbate—adsorbent systems (Crittenden, 1978: Lee,
1980; Thacker, 1983; and Pirbazari, 1981). The important kinetic parameters
in the HSDM are the liquid-phase mass transfer coefficients and the
intraparticle diffusion coefficients. The lignid—phase mass transfer
coefficients are estimated using various correlations (Williamson et.
al.,3763; Wilson and Geankoplis, 1966), The intraparticle diffusion
coefficients are determined from differential column batch reactor (DCBR)
studies. The DCBR studies, however, ave difficult to conduct. Therefore, a
correlation which was based on the liquid diffusivity and the physiczal
properties of the carbon, was developed.

A correlation, which is based on the liquid diffusivities of the
adsorbates and the void fraction of the activated carbons, can be used to
estimate surface diffusion diffusivities of halogenated, one and two carbon
molecules, and some aromatic substituted organmic compounds. The correlation,

however, is only valid for several macroporous activated carbons. The



correlation can be used in conjunction with Hand et. al, s 1984 to calcunlate
the mass transfer zone lengths (MTZL) for these types of compounds and
activated carbons. To make conservative estimates for fixed-bed design,
Equation VIII-12 may be used to estimate the surface diffusivity of a variety
of adsorbates. Equation VIII-13 either predicts the surface diffusivity with
reasonable precision or a lower surface diffusivity for some compounds.
Consequently, the calculated surface diffusivity can be used to make a
conservative estimate of the mass transfer zone lengths in a fixed-bed. Tkis
estimate would be conservative, becanse the surface diffusivity would either
be correct or underestimatzd such that tlere would not be premature
breakthrovgh of the solute in the fixed-bed. ’

Single-solute intraparticle diffusion coefficients for trichloroethene,
tetrachloroethene, toluene, and cis—1,2 dichloroethene in orgamic—free water,
along with single-solute trichloroethene in a Dackpground water matrix of total
organic carbon {TOC) were measured. Surface diffusion was found to be the
most important jatraparticle mass transfer mechanism for single-soluntes in
organic-frec water. Pore diffusion was slower than surface diffusion and did
not predict the experimental data. The uptake rates for trichloroethene in
the background water matrix and the organic—free water were the same, so
competitive effects from the background water matrix were not observed.

A multicomponent batch rate study was attempted, but problems with
degradation of the aromatic compounds occurred. Also, selection of a proper
carbon dosage to determine surface diffusivities was not possible. If a high
carbon dosage was chosen to obsexrve the concentration history profile of the
weakly adsorbing solute, it would result in a film transfer limited case for

the strongly adsorbing solote. If a low carbon dosage was chosen to observe



th? concentration history profile of the strongly adsorbing solute, the
concentration history for the weakly adsorbing solute would not be
significantly depressed enough to see a profile and measurement of the
intraparticle surface diffusion coefficient for the weakly adsorbing solute

would not be possible.
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IX. EXPERIMENTAL PROCEDURES
A. Chemicals Used in Experiments

All ckemicals used in single solutt experiments were reagent grade or
better. 1,1,1-trichloroethene, stabilired, (lc;t number 00441i1) and
tetrachloroethene, (PCE), (Photrex), (lot nomber 2-9218) were obtained from
J.T. Baker Chemical Company, Phillipsburg, New Jersey. 2,2,4-
trimethylpentane, trihalomethane grade, (lot number AK716), trichloroethene,
(ICE), (lot number AE777), and methyl alcohol, trihalomethane grade (lot
number ALO65) were obtained from Burdick and Jackson, Muskegon, Michigan.
Cis-1,2 dichlorcethene 97%,(DCE), (lot number 8405PK) and Toluene, 99%, (lot
pumber ©115TH) were obtained from Aldrich Chemical Company, Milwaukee,

¥isconsin.

B. Carbons Used in Experiments

Two granular activated carbons were used in the studies: Calgon
Corporation’s 'Fli«*rlv‘t?rrasorb 74~'00 7(F-‘460) {lot number 52095) Pittsburgh,
Pennsylvania, and VWestvaco's WV—G (lot number ;39'_8j15) "C'ow_rin;gton, ‘*ifit;g’i-p;i.‘a.
were used. Both carbons were originally 12x40 mesh. Ground Granular
Activated Carbon (60 x 80 mesh) was also studied. For the (60 x 80 mesh)
carbon, (12 x 40 mesh) carbon was ground until all of the original sample

passed the 60 mesh size.
C. Yater Matrices Used in Experiments

Two water matrices were used in these studies: Organic-free water was
obtained from the Millipore system and raw water from well number four in
Wausan, Wisconsin was the source of the other water matrix. The Millipore

system consisted of a millipore Super-C cartridge, two ION-EX cartridges, and
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an Organex-Q cartridge in series. Finally, & Twin-90, 0.22pm, filter mnit
was used to eliminate microorganisms. To obtain organic—free water the Milli-Q
water was purged. The city of Wausan, Wisconsin’s well number 4 contained a
mixtore of various (VOCS) and total organic carbou (TOC) found in their

drinking water sounrce.
D. Carbon Preparation and Characterization

The granvlar activated carbons from the two manufacturers were obtained
in two 50 pound bags. A representative sample was obtazined by splitting the
carbon. Both carbons were washed with purged Milli~Q water to remove any
fine carbon particulate matter., The washings were continuved until the
supernatant was clear. The carbon was placed in an oven at 105°C for 12
hours. Finally, the carbon was placed in clean, brown, borosil‘icate bottles,
with teflon liners, aand stored in. 2 dessicator. Appendix 4 contains the
procednre for splitting and washing ‘the carbon. |

Both -:';;;owder-ea grannlar sctivated carbon (PGAC), and ground grammlar
'ac't.;vhtfea "ci\rbon (GAC), were prepared by using a mortar and pestle to reduce
the carbon particle size. The PGAC was used in the isotherm equilibriuom
studies and the GAC was used in the differential column batch rate studies.
The carbon was pleced in centrifoge bottles which were filled two—thirds full
of purged Milii-Q water and capped. The bottles were shook and placed in a
centrifuge. Again, the washings were continved until the supernstant was
clear. The carbon was placed in an oven at 105°C for 16 hours, Finally, the
carbon was placed in clean, brown, borosilicate bottles with tefion liners in
the caps and stored in a dessicator. Appendix 4 contains the procedure for

crushing and cleaning the carbon.



E. Chemical Analysis

Chemical analyses were made using the following instruments: 1) the
Hewlett-Packard 5830A Gas Chromatograph upgraded to a 5840A witk an electron
capture detector 2) the Hewlett-Packard 5830A Gas Chromatograph with a flame
ionization detector coupled with a Hewlett—Packard 7675A Porge and Trap
Sampler. The columns which were used on the 5840A were either the 80/100
Ca.rbopack B/0.1% SP-1000 or the 60/80 Carbopack C/0.2% Carbowax C. -The column
which was used on the 5830A was ths 60/80 Carbopack B/1.0% SP-1000. All
columns were 10 feet in length.

There were two analytical tochniques which were used to measure the VOC
samples. The first technique involved liqrid-liquid ertractiom, using 2,2,4-
trimethylpentene (isooctane) which contsined an internal standard (1,1,1~-
trichloroethene). The procedure for extracting the sample was similar to the
procednre which was described by Mieure (1977). Trichloroethene axnd
tetrachloroethene were the compounds snalyzed from the aguéous phase using
this procedure. Once tbhe VOC had been extracted with isooctane from the
aqueons phase, the organic layer was injected into tke Hewlett—Packard 5840A.
The area ratios (sample area divided by the internal standard aresa), were used
t: determine the concentration. The determination of the correct extraction
retio was important to insure that a representative sample which can be
accurately measured on the gas chromstograph. A sample calculation for the
correct extraction ratio was shown by Johnson (1984),

The second technique used was the Purge and Trap. This technigue was used
for componnds that had poor response factors on the electrom capture detector.
The internal standard was 1,2 dichloropropane. A 10 ml aliquot of a water
sample and 8 5 ml 2liguot of an internal standard were placed in a purge

vessel which was attached to the Purge 2nd Trap Sampler. The area ratios



(sample area divided by the internal standard area), were used to determine

the concentration.
F. EBquilibrium Isotherm Procedure

The equilibrium stndies which were performed uvsed the bottle point
procedure by Luft (1984). Serum bottles with various amounts of PGAC were
allowed to come into contact with water containing the VOCS. Once equil ibricm
was attained, the serum bottle was centrifuged to seperate the PGAC from the
liquid. The liquid-phase concentration was determined by the liguid—ligquid

extraction technigune.
G. Differential Column Batch Reactor Procedure

L, Previous Designs

Band (1982) presented three possible experimental apparatus which could
be used to measure ;:he surface diffosivities of VOCS: ‘the completely mixed
batch reactor (CMBR), the Carberry reactor and the differential column batck
reactor (DCBR), The CHBR consists of the GAC being dispersed in the aqueouns
phase. A motor controls e stirrer which agitetes the ligqunid. The Carberrsy
reactor is a modification of the CMBR. 1In this design, the carbon is fixed in
8 spinning basket. A motor rotates the basket in the fluid., The DCBR
consists of a large reservoir, a pump, &nd a column packed with a
differential height of carbon. The water from the reservoir is pumped through
the fizxed-bed of carbon and recycled into the reservoir.

2. Chosep Design to Conduct Kinetic Studies

The CMBR design does not work or soft carbons, since the impeller blades
can cause attrition of the carbon particles and the smaller carbon particles
would increase the adsorption rate. The Curberry reactor is a possible choice,

dut the user would have to use a large carbon dosage in this reactor.



However, the carbon dosages were small for the sdsorbates ;f interest in this
study. Therefore, the DCBR was chosen to condﬁct the experiments.

The procednre for the DCBR is presented in Appendix 5. The apparatus was
constructed using glass, teflon, and stainless steel materials. These
materials are chemically inert and therefore reduce the possibility of biased
results due to system leaching and adsorption. A continvously mixed glass
reaction vessel was completely filled with a water matrix and run at
isothermal conditions. See Figure II-1 for the system design. For the single-—
solute runs in Milli-Q water, a pH of 6.0 was controlled using a phosphate
buffer. The raw Wausau water matrix was not buffered, but the value of the pH
was recorded and did not change during the experiment.

A high flowrate in the DCBR insured a minimum amount of liquid—-phase mass
transfer resistance. This allowed for better estimates of the surfacs
diffusion coefficient for a given .adsorbent—-adsorbate system.

The 1iquid—-phase conéentrn;ions at varions times were measured and a
concentratiod history profile for a given solute was obtained. The
experimental data were compared to the mathematical models which characterize
the process. The equations which describe the models are rresented in
sections III and IV.

Preliminary calculations and the criteria for tane DCBR are contained in
section V. This section allow#s a potential usex to correctly perform the
necessary calculations acd to insure the experiment will yjeld a good

estimate of the surface diffusion coefficient.
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IXI. JNODEL FRAMEVORK i"OR THE BATCH HOMOGENEOUS SURFACE DIFFUSION MODEL

As shown in Figunre IXI-1, 2 three step mechanism has been proposed to
describe the adsorption of volatile organic compounds from soletion into
porous adsorbents such as granular activated carbon (GAC) (Weber et. 21,
1963). The first step is the transport of the VOC from the liquid-phase to
the exterior surface of the adsorbent.r The second step is the dif¥usion of
the VOC into the pores of the adsorbent 2nd is comprised of both pore and
surface diffusion. Finally, the third step are the local eclementary reaction
steps which are involved in the adsorption of VOCS., In the batch homogeneous

surface diffusion model (BHSDM), the pore diffusion mechanism is neglected.
A. Previous ¥Work

Several researchers have studied adsorption kinetics in batch reactors.
Crittenden and ¥eber (1978), have independently measured intraparticle
diffusion coefficients of phenol, p-toiunene sulfonate, p-bromophenol, and
dodecyl benzene sulfonate for model calibration and were able to predict
adsorption column performance., Hand, Crittenden, and Thecker (1983), have
provided user-orientated solutions to the batch homogeneouns surface diffusion
model which can be used to determine the surface diffusivity from
differential column batch reactor st i~s. Suzuki and Kawazoe (1575) measured
the single—-solute adsorption rate from batch experiments of 15 volatile
organic chemicals on cc.:.connt besed carbon. Suzuki and Kawazoe (1974) also
provided graphical solutions for batch reactors assuming that beth pore or
surface diffusion could describe the intraparticle masss transfer rate. vaa
l.ier (1983) conducted kinetic adsorption experiments with nitrobenzene on
various types of carbon. He found that surface diffusion was the most

important intraparticle diffusion meckarism. Sabin (1981) conduncted kinetic
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adsorption experiments on two microporous carboms, HD-3000 and HD-4000, with
chloroform and found that the surface diffusivities for the microporous
carbons were lower thap surface diffomsivities for the macroporous carbon, F-

400. See Table VIII-2 for the comparison.
B. Model Mechanisms and Assumptions

The multicomponent batch homogeneons surface diffusion model (BHSDM),
includes the following transport mechanisms: 1) mass transfer from the bulk
of the solution onto the outer surface of the particles, and 2) diffusion of
molecules in the adsorbed state by surface ‘diffnsion. The BASDM also includes
the following assumptions: 1) the transport of adsorbate from the bulk
solution to the exterior of the adsorbent particle is described by the 1linear
driving force approximation, 2) at the exterior of the adsorbent particle,
local equilibrium exists with the liquid-phase, 3) munlticomponent adsorption
equilibriopm is described by ideal adsorbed solution theory (IAST, Radke and
Prausnitz, 1972), while single-solute adsorption eqguilibrium is described by
tbe Freundlich isotherm equation, 4) the intraparticle mess flux is described
by Fick’s law and bulk flow doe to diffusion is neglected by assuming dilate
solutions (Weber and Chakravorti, 1974), 5) surface diffusion describes the
intraparticle mass flux, and 6) there are no solute-solute interactioms im

the diffusion process.
C. REquations Describing the Multicomponent BHSDM

Bquations III-1 to III-7 describe the spatial and temporal variation of
an adsorbate within the adsorbent and the liquid-phese. The derivation of
these equations and their comversion: into dimensionless form was presented by
Friedman (1984). The following set of equations are required for obtaining

solutions to the BHSDM:
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The overall mass balance is:

0 = — + 3Dgg,; = q;(r,t.) ridr (I1I-1)
oty 3ty Jo
where:
9C;(ty) Mass of Adsorbate i
pony = Accumunlated in
ot the Liguid Phese
o M _ __ _ _ Total Mass of
3D55.i — J, q;(rt;) r2dr = Adsorbate i in
ts Jo the Particle
The initial conditions for equation III-1 are:
Ci(ts = 0) = 1 (I1I-2)
alnt, =0 = 0 - (111-3)
fﬁe intraparticle phase mass balance is:
D.. 1 ar _ 2dqzty) dq;(r.t)
st l, 3 s S ] -2 (1II-4)
Ds.max 3 or ar ats

where:

ad;(r:%;3

ats

The initial condition for Equation III-4 is:

Gyt =0 =0

13

Mass of Adsorbate i
Transferred Away from
the Exterior Surface by
Surface Diffusion

Mass of Adsorbate i
Accumulated within the
Adsorbent Particle

(I1I-5)



3

The boundary conditions for Equation III-4 are:

o _ _ -

— gz =0t) = o0 (111-6)

or
o o __ _ _ D,y [ - - - _
hamaend qi(rpts) r"dr = Bis'i Ci(ts) - Cp'i(r=1.ts)] (III-7)
ats [+ Ds.mx

For multicomponent mixtures, the nonlinear equation which couples
Equations III-1 through III-7 is the IAST equation. Luft (1984) found that
the IAST equation described competition for mmlticomponent mixtures. The IAST
equation written in terms of i components and in dimersionless variables is:

- - - m - - - '1 n
9;(r=l,to)a. 5 Y ml (=l ey
- - S =1

(r=1,t,) = e — T— (I1I-8)

§

q; (z=1.t}s)qc.j n:q, 4

o B

[ T
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For single solutes, the Freundlich isotherm equation was used to relate the
liquid-phase concentration at the exterior of the adsorbemt to the adsorbent
phase concentration.

Equations IIXI-1 through III-8 contain two independent dimensionless
variables: time, ;s' and radial position, ;. and three dependent variables:
ligquid-phase concentration, Ei'(ts)' the solid phase concentration, ;i(r'ts)'
and the 1liquid phase concentration at the exterior of the adsorbent

Ep(r=1.ts), These equations were solved by Friedman (1984) and his computer

algorithms were used to determine the surface diffunsivities.



. D. Dinensionless Groups Which Describe the Nuvlticomponent EESDM

There are foor independent dimensionless groups which characterize the
solution to the BHSLM and determine if surface diffusion is the controlling
moechanisz in the differential column batch reactor study. The four
independent dimensionless groups appearing in Equations IIXI-1 to III-8 are:
(a) Dg‘.i » which is the surface solnte distribution parameter for component
i based on surface diffusivity, (b) Ds,i/Ds.mnx' which is the ratio of the
surface diffusivity for component i to the surface diffusivity of the fastest
diffusing component, (¢) 1/m;, which is a Freundlich isotherm constant for
component i, and (d) Bi; j» which is the Bict number for componment i is
based on surface diffusivity. The suvriace sclute distribution parameter
which is based on surface diffusivity, Dgs,i, end the Biot number which is

based on surface diffusivity are defined as:

Pgq, ;{(1-e) Mq, ;
Pg. : = 2el 0 - 22 (I11-9)
s,i
Bco'i eVCo.i
kf, iR(l"z)
Bi, . = (ITI-10)
s,i

D, iDgs, 38

The surface solute distribution parameter, Dgs.i‘ is the rztio of the
mass of adsorbate i in the solid phase to the mass in the liquid-phase under
equilibriom conditions. It was based on a si'ngle solute capacity and evaluated
at the initial concentration of the batch reactor. As Dgs.i increases, the
amonnt of adsorbate on the adsorbent increases. The surface Biot number,
Bis,i' is the ratio of the liquid-phase mass transfer rate to the
intrapsrticle phase mass transfer rate and has the greatest impact on the
design of the DCBR, Hand, Crittenden, and Thacker (1984), have shown that for

a Bi“i greater than 30, the intraparticle phasec mess transfer rate controls
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the mass transfer rate in fixed-beds. Therefore, it is possible to obtain
better estimates of the surface diffusivity in a differential column batch

reactor when the Bi, ; is greater than 30,
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IV. MODEL FRANEWORK FOR THE BATCH PORE AND SURFACE DIFFUSION MODEL

For a multicomponent mixture, the BHSDM may not predict the adsorption
rate of both strongly and weakly adsorbing solutes. Both strongly and weakly
adsorbing solutes can diffuse by two kinetic mechanisms: they can travel
along the interior surface of the adsorbent or within the fluid contained in
the void of the adsorbent. These two kinetic mechanisms are known as surface
diffusion ard pore diffusion, respectively. In the case of weakly adsorbing
solutes, many of the active sites on the carbon walls are occupied by
strongly adsorbing solutes and pore diffusion allows the weakly adsorbing
solutes to continue to diffuse intc the carbon particle. See Figuvre III-1.
Therefore, 8 model incorporating both surface and pore diffusion as the
intreparticle diffusion mechanism was developed oy Friedman, (1984) and used

in this study.
A, Previous VWork

Several rescarchers have studied the combination of surface and pore
diffusion. Suwzuki and Kawazoe, 1974, have provided graphical solutions
assuming both pore and surface diffusion conld describe the intraparticle mass
transfer rate. van Lier, 1983, conducted batch~wise experiments with a
nitrobenzene/water/activated carbon system and tested several mathematical
models. Fritz et, al,, (1980) conducted competitive adsorption of p-
nitrophenol/p-chlorophenol/activated carbon and p-nitrophenol /phenol/activated
carbon systems. He found that the BPSDM predicted slightly better results

than the BHSDM.
B. MNodel Mechsnisms and Assumptions

The multicomponent batch pore and surface diffvsion model (BPSDM)

17



includes the following transport mechanisms: 1) mass transfer from the bulk
solution onto the outer surface of the adsorbent particles, 2) diffusion of
molecules in the adsorbed state known as surface diffnision. and 3) diffusion
of molecules in the liguid filled pores known as pore diffusion. The BPSDM
also includes the following assumptioms: 1) transport of adsorbate from the
bulk solution to the exterior of the adsorbeat particle is (}escribed by the
linear driving force approximation, 2) local equilibrium at a particular
radial position is assumed throughout the adsorbent particle, 3) ideal
adsorbed soluotion theory (Radke and Prausnitz, 1972; Luft, 1984) is used to
describe the multicomponent equilibrium interactions, while single-solute
adsorption equilibrium is described by the Freundlich isotherm equation 4)
the intraparticle mass flux is described by Fick’s law and bulk f1ow due to.
diffvsion is mneglected by assuming dilute solutions (Weber and Chakravorti,
1974), 5) surface and pore diffusion describes the intraparticle mass flux,

and 6) there are no solute—solute interactions in the diffusion process.
C. Equations Describing the Multicomponent BPSDM

Eqouations IV-1 to IV-8 describe the spatial and temporal variation of an
adsorbate within the adsorbent and the liquid-phase. To simplify the

development of the equations for the BPSDM, the total loading of the particle,

Y; is expressed as the sum of the surface loading, q; and the liquid-phsse

i

concentration in the pores, Cp,i (Neretnieks, 1976; Fritz et, 2l,, 1980).

£p
Pa

Yi(r.t) = qi(r.t) + Cp'i(r.t) (Iv-1)

The derivation of these equations and their conversion into dimensionless form
was presented by Friedman (1984). The following set of equations are required

to obtain solutions to the BPSbM:
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The overall mass balance is:

ocye) 8 (Y _ __ _ _
0 —_ + 3Dg; ~— Yi(r.t ) r3irc (IV-2)
at at P
P p-0
where:
3ci(tp) Mass of Adsorbate i
= =  Accumulated in
atp the Ligquid Phase
0 1 —_— e o Total Mass of
3Dg; — Yi(r.tp) r3dr = Adsorbate in
at 0 the Particle -
P
The initial. conditions for Equation IV-2 are:
Ci(t, = 0 = 1 (IV-3)
'Yl(r.tP =0) = 0 {IV-4)
The intraparticle phase mass balance is:
1 8 |_ 3Y, (r,t.) . aC, .(r,t.) Y, (r,t,)
— —|r X -1____1.. + 2 Z p.z_ P = .._1...___?_ (IV-5)
xr3 9r or 1 ot
P
where:
- - - - - - Mass of Adsorbate i
1 9 aYi(r.tp) _ an.i(r.tp) Transferred Away from
— ——ir* X — + 27y ——— = the Exterior Surface
r3 or or or by Pore and Surface
Diffusion
afi(;.?;) Mass of Adsorbate i
e =  Accumulated within
atp the adsorbent
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The initial condition for the intraparticle phase mass balance is:
Yi(t’tp =0) = 0 (IV-6)
The boundary conditions for the intraparticle phase mass balance are:

a!i(: = 00 tp)

— = 0 (xv-7)
ar
s 1
-_— I Yi(r.tp) r3dr = Bic.i [ ci(tp) = cp,i(rgl'tp) ] (IV"‘S)
atp 0

For multicomponent mixtures, the nonlinear equation which couples
Equations IV-2 through IV~8 is the IAST eq-ation. Luft (1984) found that the
IAST equation described competition for melticomponent mixtures. The IAST

equation written in terms of i components and in dimensionless variables is:

- - - €y — - -

Yl(r't:p)y‘e.i - —— Cp'i(r.tp)co i
~ Fanien pa
Cp'i(r.-tp) = -

m {- -~ ep - - —

Co‘ i } 4 Yj \rotp)Ye'j Cp j (I.tp)co j
1 pa
j=1
(IV-9)
- - ni
m —_— e - zp - ——
pl
k=1

For single-solntes, the Freundlich isotherm was used to relate the liquid-
phase concentration at the exterior of the adsorbent to the adsorbent phase
concentration.

Equations IV-2 through IV-9 contain two independent dimensionless
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variables: time, t., and radial position, r, and three dependent veocisbles:
liquid phase c&ncentration. Ei'(ts)’ the solid phase conceuniration, a;(r.ts),
and the liquid phase concentration at the exterior and interio.: of the
ldsorbent-bp(r.ts). These equations were solved by Friedman (1984) and his

computer algorithms were used to detexrmine the surface diffusivities.
D. Dimensionless Groups Which Describe the Multicomponent EBPSDN

The solutions to the BPSDM are characterized by the following
dimensionless groups and are beirg investigated, since they have an impsct on

the design and operation of the DCBR:

D Pate, s 0170 . (1V-10)
Bs,; * = -
st ecOpi cch;i
5 ) zp(l—z) ) Mep (IV-11)
8?: 3
e ep,V
Dgi = Dss.i + Dgp.i (IV-12)
kf. i R (1"8) ( 3)
Bi = Iv-1
c,i ]
4(D-Spi Dgi + Dp;i Dgp. i)z
D Dg.
0= e (IV-14)
D‘li Dgi + Dpoi Dgp,i
Dg. (D . ~-D_ .)
z, - Pl e =2 (IV-15)

Ds,i Dy + Dy 5 Dgp 5

The surface solute distribution parametesz, Dgs'i. is defined in Section
IITI-D. The pore solute distribution parameter, Dgp'i. is the mass of

adsorbate i in the adsorbeat pores divided by the mass of adsorbate 1 in the
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liquid-phase under equilibrium conditions. This dimensionless gronp will be
the ssme for 21l solotes in a given system, since it is a function of the
porosity of the reactor, 2, and the adsorbent void fraction, cp.
The total adsorbent equilibrium capacity, Dg;» is the sum of the surface
solute distribution parameter, Dgs.i' and the pore solute distribution
parameter, Dgp,i' As shown in Bqration IV-12, it is based on the single
solute capacity evaluated at the initizl concentration of the batch reactor.
The Biot number, Bic,i‘ includes &8 combined surface and pore diffusivity.
It compares the liquid—-phase mass transfer rats to the total intraparticle
phase mass transfer rate. A combined Biot number greater than 30 would imsure
an intraparticle controlled prooess‘knd would insuze 2 good determination of

the surface diffusivity.

The dimensionless group, X;, is the ratio of the rate of pore diffusion

to the combined rate of pore and surface diffusion. The dimensionless group,
Zi.. has no physical meaning.

The conversion to dimemsionless varizbles reduces the number of
independent parameters to seven dimensionless groups: 1/ni, Dgs.i’ Dsp.i‘
Dg;., Bic.i' X;, and Z;. Of the seven dimensionless groups, only the six

dimensionless groups act independently: 1/ni, Dﬁs.i' Dgp.i' Bic,i' X5, and

z,.
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V. PRELININARY CALCULATIONS AND CRITERIA NEEDED TO CONDUCT A SUCCESSFUL
DIFFERENTIAL COLUMN BATCH REACTOR STUDY
It is important to minimize the effect of the liguid-phase mass transfer
resistance in the differential column batch reactor (DCBR) such that the
surface diffrsivity can be estimated accurately. Presented below are the

preliminary calculations amnd criteria needed to conduct a successful

differential column batch reactor stundy.
A. Reprosentative Sample from the Batch Reactor

The bhydravlic retention time, T,, is an importsnt consideration in the
design of the DCBR. It is defined as the time needed to circulate one
reactor volume of water through the reactor and is zelated to the rate at
which =: ter is passed through the differentiel carbon column, If the
hydrauvlic retention time is low enough, then there will be no concentration
gradient across the differemtial carbon bed (See Section V-E for more
discussion). The hydraulic retention time is calcalated by the following

egquation:

where V is the volume of the reactor, and Q is the volumetric flow rate
through the packed column. The hydraulic reteantion time is only 2 qualitative
criteria and can not be used to quantitatively select the proper flow rate
and velocity through the column.

The liquid-phase. samples which are collected during a DCBR experimsnt are
used to determine the concentration history profile for a given solute.
However, the total semple volume removed should not be more than 5% of the

reactor volume.
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B. Obtaining a Representative Carbon Sample

The carbon dosage, D,» is another important design consideration,
because 8 representative sample of the carbon must be taken, A large dosage of
activated carbon was nsed such that the isotherm capacity observed in the DCBR
would be the same as the capacity observed in the isotherm experiment. It was
assumed that at least 80 particles were a representative sample of the carbon.
The equilibrium capacities that were obtained from the batch rate studies were
similar to the capacities obtained from the isotherm studies: consequently, a
large enough carbon dosage was selected to give the same equilibrium capacity

as the isotherm experiments. See Sectior VI-B for further discussion.
C. Tempoerature Dependonce of Equil ibrium and Kinetic Paramsters

The differential columrn batch reactor was conducted at the same
temperature as the isotherm study, -becanse bot§ equilibrium and diffusion rate
are temperature dependent.

Since a high flow rate may ceuse heating of the water from the pump, the
the temperatunre inside the reactor was monitored. However, the tempersture
inside the reactor was the same as the laboratory. <Consequently, no

additional cooling of the DCBR was required.
D. Bffect of the Liquid-Phase Mass Transfer Rate

For Biot numbers greater than 30, it was found that surface diffusion was
required to explain the rate of uptake for the VOCS and the contribution of
pore diffusion wes determined to be megligible. Thersfore, the Biot number
which was based on the surface was used to determine the effect of the liquid~
phase mass transfer resistance. See Secéion III-D for further discussion.

The Biot number, which is based on the surface diffusivity of a given
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whadoi

adsorbent, is defined by Equation IIX-10.

The film transfer coefficient correlation, which was reported by Vakao
et., al,, 1978, was used in the DCBR calculations, bacause the Reynolds numbers
in differential column batch reactor studies were high and this correlation

was developed for higher Reynolds numbers:

D
1,i
- [ 2 + 11 Np, 06 Ng 173 ] (V-3)

k
f,i 2 R

in whick, Dl.i is the liquid diffusivity of the adsorbete in water; Npe is the
Reynolds number; and NSc.i is the Schmidt number for a given adsorbate. These

dimensionless groups were defined by the following equations:

2R Pl vi -4
NRG = {V-4)
r
M
£1Dy,;

in which, v; is the interstitial velocity, e is the void fraction of the
carbon bed, p is the viscosity of water, and pj is the density of water. The

liquid diffusivity of the adsorbate in water, Dl,i was calculated nsing the

folloring equation (Hayduk and Lavdie, 1974):

13.25 1073

Dy ; = (V-6)
1,i ; A
ll1'14 vb 589

B. Calculation of the Concentration Gradient Across the
Differential Carton Columm

The final requirement of the DCBR is that the influent and effluent

concentration across the diiferential carbonr column are approximately the



same. The mechanisms, which are important in transporting the solute across
the bed, are advection and axial dispersion. A plug flow, fixed-bed model was
used to calculate the ratio of the effluent liquid-phase concentration leaving
the differential carbon column to the influent liquid-phase concentration
entering the differential carbon carbon, cofflcinf' because if axial
dispersion was inclunded, then a higher Ceff/cinf would be determined.
Therefore, a design which is based a plug flow model would be more
conservative. The assumptions that are built into the following model
(Friedman, 1984) arxe: 1) there is no axial dispersion in the fixed-bed, 2) the
surface concentration is zero, and 3) the system is operating"at steady

state. The final form of the equation is:
_ -3St. _
Cegg/Cing = © 774 (v-7)
The Stanton number, St;, is defined as:

St = ke i‘(l - ¢)t/R(e) (v-8)

in whickh, T is the packed bed contaci time and is equal to the ratio of the
volume of the carbon bed to the volumetric flow rate through the carbon bed.
Eqration V-7 can also be used to describe the concentration gradient in a
DCBR. Althocgh Equation V-7 was developed for the steady—state cperation of &
fixed-bed sdsorber with a ccn~tant influent concentration, it can be used to
estimate the required flow rate in a DCBR. In a DCBR, the liguid-phase
concentration decreases with time and the surface concentration increases with
time; consequently, the actual concentration gradieant across the column for
the DCBR would be less than the cox;centration gradient which would be
calculated using Equation V-7. Tliei'efore. the use of Equation V-7 to estimate

the proper flow rate would be conservative.
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The ratio of Cefflcinf that was greater than or equsl to 0.95 was chosen
as that required to gusrantece no concentration gradient across the DCBR. This
wonld require a Stanton number less than or equal to 0.017.

¥hen the concentration gradient across the differentisl carbon column is
grester than or equal to 0.95, and the Stanton number is less than or equal
to 0.017, the concentration across the differenmtial colummn is the same as the
concentration in the DCBR reservoir,

The Stanton number is the ratio of tne rate of mess transfer dne to film
transfer to the rate of mass transfer doe to advection., If the Stanton
number is greater than 0.017, then it is necessary to increase the hydraulic
loading or decrease the hydraulic retention time such that the the Stanton
nomber will be less tban 0.017. For a given flow rate or hydraulic retention
time, the column diameter can be reduvced such that the film transfer

coefficient and the Stanton number would incresse.
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VI. COMPARISON OF THE MATHEMATEICAL KODELS USFD TO SIMULATE THE DIFFERENTIAL

COLUMN BATCH REACTOR

Surface diffusivities of various VOCS were determined by comparing batch
rate data to & mathematical model. Three models were used for this
comparison. They were: (a) the batch homogeneous surface diffusion model
(BHSDM) which includes liquid-phase mass transfer and surface diffusion, (b):
batch pore suvrface diffusion model (BPSDM) which inclndes liquid—phase mass
transfer and surface and pore diffusion, and {(c) the pore diffusion model
(BPDM) which includes liguid-phase mass transfer and pore diffusion. The
developments of the BHSDM and BPSDX were prescsnted in Sections IIX and IV,
respectively. The BPDM may be derived from the BPSDM by setting the scurface
flox equal to zero.

Presented below azre the experimental results and analyses for the
determination of the intraparticle diffusion coefficients uvsing the models

described above.
A. Single Solute Batch Rate Results

Seven single-solute rate studies were conducted on two granular activated
carbons in Milli~Q water with four volstile organic compounds. The four
compounds were the weakly—-adsorbing cis-1,2 dichloroethene, the moderately—
adsorbing trichlozoethene, and the strongly—adsorbing tetrachloroethene and
toluene. Appendix 6 contains the experimental data and the physical
characteristics of the system. Table VI-1l contains the single solute
Freundlich isotherm parameters for the components used in the models.

The BHSDM and BPSDM were the two models which were used to simulate the
single~solute concentration history profiles in the batch rate study. Figures
VI-1 through VI-6 contain the experimental data for trichloroethene,

tetrachloroethene, cis-1,2 dichlorotthene, and toluene along with the BHSDX
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Table V1-1 SigisSolutsFreundlach Isothers Constants Used in the BIISOM and EPSDM Oalenlatiocs

Compomd Cxxentrution Water Tecpenture Best Fit Best Fit References
Range Matriz EquilDration  Freendl ich Fremdl ich
G Tome Days 4 Ya
Type -} o% CL % CL
3 co WoleV®  Disensicaless)
€eix-l2 dichloro- Q1726 Mill:Q 13z 459 5562 Kato Q925) »
othene F—400 28 2 - 616 (5505-35618
C003400) 1.5-8.0
Ezrylbenzens DA2-266 MilliQ 18 7143 2953 Kato (1985)
F—400 21 (622.0~746.0) (275:-3147)
(2003400) 15-80
Tetrachioroetdeze 021-7.05 MilliQ 9.0-110 6506 AST9 laft (1984) o
F—~00 6.0 (530.1-798.%) {4365-.4794)
002400) 6.0
Tstmachloroethene J1561-157 MNilliQ 18 450 3850 Lato (98%)
F-400 k5 {425.044-4.0) -(3721-3573)
(2002400) 7.5-&0
Tolnene 56578 HilliQ 1338 4150 328 Iato Q985
F—400 25 (457.0483.0) (3212-3351)
(2002400) 1580
Trichloroethrne 3-273 MilliQ 5.0-110 196.6 ALES Laft (1984) ®
F~400 65 (1244-310.6) {3620-.4706)
(2003400) 6.0
Trichloroethene D533 NilliQ $.0-110 18L0 AOT3 Laft (19849) »
-G 65 487-2203) (3850~.4295)
2002400 60
Tzichloroethens Q1486 MiliirQ 138 1520 A328 Lato (1985)
F+00 > 087.0-197.0) (.4195~.4462)
(2003400) 7.35-80
M-Iylens S365-357 MilliQ 133 10440 2458 Lato (1985
F-400 ol (997.0~1110.0) 2237-.2679)
{20Gx400) 15-80
O-Xylens 363-35.1 MilliQ pLX § 895.0 2587 Lato 0929
F—400 26 (851.0-938.0) (2365~.2806)
(2002400} 15-80

® Used m the EEEOM, EPSDN, and BTM calculatians
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and BPSDM simulations and a BPDM prediction. The best fit of the film
transfer coefficient, kf,i' and the surface diffunsivity, Ds.i' wvere determined
by a two parameter search using the BESDM. The best fit was dotermined by
minimizing the sum of the differences between measuvred and calculated

concentrations using the following equation:

1/2
Smin) = } [ (Cidata - C;model)? /(Cidata)z] (VI-1)

i

in which S(min) represents the minimum relative error between the model
calculated velues and the data.
The 95% confidence intervals for ke and Ds were calculated for the twc

parameters using the equation presented by Draper and Smith (1981).

1/2
P

() = S(min) [1+ F(p.n-p,1-a) ] (VI-2)

n-p
in which, S(8) is the relative error for a given confidence contour; p is the
number of parameters; (n — p) is the number of degrees of freedom; n is the
number of data points; a is the desired confidence contour and F is the
distribution function based on the number of deogrees of freedom, the number of
data points, and the desired confidence limit.

Table VI-2 contains the 95% confidence intervals for kf.i and D the

$,i’
Biot numbers which were based on the surface diffusivity and the Stamton
numbexs.

For the pore end surface model diffusion simulations, the pore

diffusivity, Dp.i' was & calculated valune and did not add an additional

bnknown to the system. The best fit ke i from tle BHSDM and the calculated
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Compoasd Initial Yatar  Temperatare Imst Fit Dest Fit Best Fit Riot Suzaton
Concestratica Jatrix Surfase Surf{sce Flla Treaafer Naber Naber
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Type Using BPIM Ueing IBIM  UTaing HEIM
on CL) OU5.CL)
10P 21030 raui0? Ommcsiculsss)
G/l (] (cwr/a) (ar/s) (aw/s)
cisrl,2 dichloro- 507.0 MiLLI-Q 13.0 .0 7.0 1.10 .72 0.(254
otbes F~u M.0-51.0)  (.25-100.0)
(12x40) .
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F—400 Q.352.95) =)
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Irichlorns teoe 17186 Mil1¥Q L0 2.5 3.3 3.10 .8 a.mos
e @7 (=)
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Dp,i were held constant while a search was done on the surface diffuvsivity
using the BPSDM. The porosity of the adsorbent, epr WBE accounted for in the
development of the BPSDM and the true pore diffusion coefficient incorporated

both the porosity and tortuvosity of the adsorbent. See equation IV-1l, The

following squation was used to detexrmine the pore diffusivity:

= — (VI-3)

p.i

in which, i) is the tortuosity. lt was set equal to 1.0, because it will give

the largest contribution of pore diffusion flux. Dl is the liguid

o1
diffusivity of adsorbate i which was calculated from Equation V-6.

As shown in Figures VI-1 to VI-6, the BESDM and the BPSDM simulations
produced nearly identical concentrstion profiles. In all cases, as shown in
Table VI-2, the Ds.i which was determined using the BPSDM wes slightly lower
than the Dg,; which was determined in the BHSDM. The difference in the values
of Ds.i from the two models reflected the contribution of the pore flux.
Therefore, the pore flux was negligible. This was further confirmed from the
BPDM predictions. Since the tortuosity was se¢t egqual to one in these
predictions, the largest flnx due to the contribution of pore diffusion
coefficient wonld be observed. However, as shown in Fi,ures VI-1 to VI-6, the
pore prediction did not predict any of the concentration profiles.
Accordingly, it can be concluded that surface diffusion was the controlling
:nechanism. See Appendix 8 for = sample date file and a sample output file for
both the BHSDM and BPSDM.

Two single—solute rate studies were conducted in Milli-Q water with F-
400, 60x80 mesh carbon. The two compounds were the moderately—adsorbing

trichloroothene and the strongly-sdsofbing tetrachloroethene. As shown in

Table VI-2, the Ds.i which was determined using the BHSDY and BPSDM for the
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smaller carbon were larger than the Ds.i measured -t:or the larger carbon
(12x40).

As discussed in Section V, the Biot and Stanton numbers may be used to
evaluoate whether the concentration difference across the DCBR is negligible
and whether film transfer or surface diffusion controls the rate of
adsorption. Table VI-2 displays the values of the Biot and Stanton numbers.
Even though 211 of the Stanton numbers were not less than 0.017 (Tkis wounld
indicate that effluent to influent concentration ratio was less than 0.95.)
the concentration gradient across the differential carbon column was not
large. Also, it was not always possible to obtain Biot numbers greater than
30 (This would guarantee surface diffusion controlled.), because the carbon
dosages which were required to guarantee a representative would cause the
experiment to become film transfer limited. See Section V-B for further
discussion. Eventnally, larger batch reactors which contained similar carbon
dosages were used to resolve this problem.

B. Equilibriom Time end Concentration for the Differential Columm
Batch Reactor Studies

The equil ibrium time and concentratioa of the DCBR were determined in
oxder to evaluate whether the capacity which was observed in the batch rate
study sgreed with the bottle point isotberm. That is, if the DCBR was rurn for
8 long length of time, the equilibrium concentrations would agree with the
isotherm capacities that are reported in Table VI-3. Moreover, it was
expected that the equilibration time would be longer for the larger carton
particles (12x40), while the equilibration time would be shorter for the
smaller carbon particles (60x80). The equilibrium concentration vwas
determined by solving Equation 5~2 in Appendix 5 by trisl and error. The

equilibration time was determined by.running the BHSDM wntil 105% of the
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equil ibrium concentration was attained. As showa in Table VI-3, the-
equil ibrium concentration determined in the batch reactor appeared to be the
same as the equil ibrium concentreation determined from the equilibrium data
when the time to achieve equilibrium is considered. In other words, the
equilibrium concentration was less then the final concentration of the DCBR
when the model calculated equil ibration time was greater than the time to
achieve egrilibrium wes considered and the equilibrivm concentration in the
DCBR agreed with the equilibrium concentration if the DCBR study was run for

an adequnate length of time.
C. Multicomponent Results for the Wausau Water Matrix

1., Batch Rate Results Using Thawed ¥ansau Water Matrix.

The purpose of this experiment was to determine the effect of the
background material present in the Wansgu water m}trix on the adsorption rate
of the carbon. Two batch rate studies which were conducted with F-400 and WV~
G_carbon used thawed Weusau water. This water was previously frozen so &
minimum of biodegradation of the background material would occur and the
concentration of trichloroethene was increased and used as a tracer to
determine the competitive interactions of the background material other than
the VOCS. An analysis of the Wauvsau water before and after freezing are shown
in Table VI-4. As shown in Table IV-4, the concentration of the VOCS decreased
and benzene appeared. Benzene was never found in the raw Wausau water matrix.
However, if the raw Wausau water was aged, benzene was founds sccordingly, it
was thought that some of the aromatic compounds degraded to form benzene in
‘the presence of the background Wausau water matrix.

The DCBR data for trichloroethene which was conducted in organic—free-

water and in thawed Wausau water matrix are displayed in Figures VI-7 and VI-8
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Table VI-4. Biological, Organic, and Inorganic Analysis of Wausau Well
#4 Vater Matrix Collected on February 20, 1984

Compound Raw Thawed
¥ater Vater
Analysis Analysis
(3/15/84) (8/23/84)
{(pg/L) (ug/L)
cis-1,2 dichloroethere 213.2 86.4
Trichloroethene 193.5 6.4
Tetrachloroethene 128.8 55.4
Benzene N.A. 56.9
Toluene 59.1 24.4
Ethylbenzene N.A, 2.4
o,p~Iylene 29.5 117
m—Xylene 20.8 3.6

N.A. Not Analyzed
Samples were analyzed nsing a Bewlett-Packard 5830A
Porge and Trep Gas chromatograph

Component Result
Total Organic Carbon (TOC) 8.4 mg/L
TOC after Purging 8.6 mg/L
Total Carbon (TC) 29.2 mg/L
TC after Purging 22.3 mg/L
Mangenese 1.27 mg/L
Iron 5.3 mg/L
Fiuoride 0.34 mg/L
Alkalinity 84.0 mg/L
pH 6.8

Color 64.0

Ames Test Negative
Standard Plate Count Negative
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for F-400 and ¥V-G carbons, respectively. The organic—free-wvater
trichloroethene data showed a slower approach to equilibrium than the
trichloroethene data which was collected in the thawed Wausauv water matrix,
becanse it was conducted at 2 higher flov rate. However, the difference
between the organic—free-water results and the thawed Wavsau water results was
due to the difference in the liquid-phase mass transfer rate. As shown in
Teble VI-2, the surface diffusion coefficients for the trichloroetbeme in the
organic-free-water were within the experimental error of those which were
determined in thawed Wausau water. Since most of the VOCS were lost when the
Wausau water was frozen, the background total oxganic carbon in the thawed
Wacvsau water had little effect on the adsorption rate and capacity for the

solute trichloroethene when its concentrstion was increased to approximately

1400 pp/L.

QL. Multicomponent Results Using Fresh Weaunsau Water Matrix

The purpose of this experiment was to determine if a multicomponent batch
rate study would provide useful kinetic data on the components which were
found in the Wausau water matrir and wvhethexr the correlation presented in
Section VIII-B would allow the concentration history profiles to be predicted
msing the the BPSDM. Appendix 7 contains the raw data along with the
operational parameters.

The cate stody was conducted for only four days, because the pump failed.
Only five data points were collected over the four day period and the problems
with the degradation of the aromatic compounds (See Section VI-C-3) made it
impossible to predict the data with the BPSDM or to nse it to determine the
surface diffusivities. Ird addition, }he selection of & proper carbon dosage
was not possible for the determination of the surface diffusivities., If a

bigh cazbon dosage was chosen to observe the concentration history profile of
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the weakly—-adsorbing solute, it would result in 8 film transfer limited case
for the strongly-adsorbing solute. If a2 low carbon dosage was chosen to
observe the concentration history profile of the strongly-—adsorbing solunte,
the concentration history profile for the weekly-adsorbing solute would not be
significantly depressed enough to see a concentration profile and allow the
determination of the intraparticle snrface diffusion coefficient. The model
prediction, using the calculated surface diffusivities from equation VIII-13,

along with the raw data are displayed in Table 7-3.
3, Degradation Resuplts of the Wapsan Vater Matrix

The purpose¢ of this experiment was to determine if a 0.22um Millipore
filter would eliminate microorganisms in the Wausan water well that may have
been responsible for the degradatior of the aromatic compounds. The other
objective was to determine if the 0.22um filter would adsorb any of the

volatile organic compounds found in the water matrix.
a. Experimental Plan for Degradation Experiments

{1) A 40 liter glass carboy was filled with water from Wansaun
well #4. The water was spiked with toluene to an initial
concentration of 64 pg/L. The glass carboy was placed in a2 constant
temperature onvironment of 11°C. A magnetic stirier was used to keep
the contents of the carboy well mizxed.

(2) A pomp and a 0.22um filter were placed in series. Sampling
ports were placed before and after the filter. Five liters of the
spiked water was initially flushed through the system to purge the

lines.

(3) Samples were taken before and after the 0.22m filter. Two
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samples were taken immediately after purging the lines: an influent
to the filter and an effluent to the filter. This wonld determine
whether any of the compounds present in the water matrix were
eadsorbed onto the filter. Eight influent and effluent samples were
then collected doring the first hour of the experiment in 45 ml
sample vials. The 2ight filtered and unfiltered samples wore stored
in an isothermal enviromment of 11°C.

(4) A filtered and nnfilferod sample was then analyzed vnsing
the purge and trap method for an eight day period. Table VI-S

contains the raw data.
b. Results

Figure VI-9 shows the data for the degradation experiment. The
compounds of interest were trichlornethene, tetrachloroethenc, cis-—
1,2 dichloroethene, and the spiked toluene., The influent and
effluoent concentrations of the immediate samples showed that no
solutes adsorbed onto the 0.22um filter. The eight day study
resulted in the same influent and effluent conce;xttations for the
cis-1,2 dichloroethene, trichloroethene, and tetrachloroethene.
However, botk the influernt and effluent concentration for toluene
showed that degradation wes present. The 0.22um filter will remove
any Xnown organism that could camse degradation. Also, toluene in
organic~free—water showed no sign of degradation over a three week
period when used as & standard for the purge and trap analysis.
The'refore. toluene in the Wausau water matrix was degraded by some

other mechanism,
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Table VI-5, Degradation Study of tbe Wausau Water Matrix

Day Influent  Effluent Influent  Effluent  Influent  Efflvent  Influent — Effluent

(concentration, pg/L) (concentration, yg/L) (concontration, yg/L) (concentration, pg/L)
cis—1,2 dichloroethens Trichloroethens Tetrachloroethens Toluens
j 0 74.0 70.0 52.0 49.0 36.0 38.0 64.0 62.0
5 2 74.0 76.0 52.0 55.0 38.0 36.0 54.0 62.0
&
3 74.0 72.0 50.0 48.0 36.0 32,0 43,0 42.0
t
4 76.0 71.0 54.0 48.0 38.0 31,0 37.0 49.0
5 72.0 68.0 48.0 43.0 34.0 33.0 22.0 24.0
6 ¢8.0 68.0 42.0 42.0 29,0 29.0 — —

8 74.0 62.0 50.0 45.0 2.0 26.0 19.0 22.0
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VII. SENSITIVITY ANALYSIS OF THE MODEL PARAMNEYERS WHICH CHARACTERIZE

THE SOLUTIONS TO THE DIFFERENTIAL COLUMN BATCH RFACTOR

In order to assess the impact of the model parameters on the
determination of the surface diffusivity, a sensitivity apziysis was conducted
on all the parameters which affected the BESDM calculatioms. These were tle
isotherm and kinetic parameters. The Freundlich isotherm parameters, X and
1/n. were determined independez}tly and were sassumed to be correst within
experimental accuracy. Accordingly, the Freundlich parameters, K and 1/n,
were varied plus or minuns their 95% confidence interval in the sensitivity
analysis. The film transfer coefficient and the surface diffusion coefficient
were varied plus or minuns 50% in the sensitivity analysis.

There are three important parameters to consider in the determination of
the surface diffusivity which were illustrated by the semsitivity snalysis:
the Biot number and the Freundlich isotherm parameters K and 1/n. A high Biot
nember is desirable (Hend gt. 8l. ; 1984), becaunse the intraparticle mass
transfer rate will control the adsorption rate and a good estimate of the
surface diffusivity may be determined.

A, Sensitivity Analysis of the Liquid Phase Mzss Transfer Rate and the

Iatraparticle Diffusion Rato in the Determination of the
Snxface Diffusion Rate

The impact of the film transfer coefficient and tbhe suxface diffusion
coefficient on the DCBR study depends on the Biot number. The Biot numbers
whiéh were observed in the DCBR experiments ranged from 18.1 to-133.5. See
Table VI-2. A sensitivity analysis, therefore, was conduncted omn Biot
numbers of 18.1, 28.7, 75.8, and 133.5.

As the Biot number increases, it was expected that the effects of the
film transfer rate vould be reduced, Figures VII-1 to VII-8 display the

effect of the film transfer coefficient and the surface diffusivity on the
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MODEL PARAMETERS:

Thawed Wausau Water ; Temp = 11,0 Dag.C
Caioon Type: F400 12x40 Mesh Rad=.05129 cm
Solute: Trichlorosthene
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Figure VII-3. BHSDM Sensitivity Analysis of +/- 50X kg for Trichloroethene in Thawed Wausau Water
and (12x40) F-400 Carbon (Bi=75.8 ; Co = 1441.6 ug/L).
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BHSDM Sensitivity Analysis of +/- 50X k¢ for Toluene in Mi114-Q Water and (12x40)
F-400 Carbon (Bi = 133.5 ; Co, = 372.4 ug/L).
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(12x40) F-400 Carbon (BL = 18.1; C_ = 1322.7 pg/L.
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MODEL PARAMETERS:
Milll-Q Water ; Temp = 12.0 Deg.C
Carbon Type: F400 12x40 Mesh Rad=.05129 cm
Solute: cirn-1,2 Dichloroethene
Bl=28.7; St=0.0288 ; Tau = 19.0 min.
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Figure V1I-6 BHSDM Sensitivity Analysis of +/- 505 Dg for; cis-1,2 dichloroethene in M1111-Q
Water and (12x40) Carbon (Bi=28.7 ; C, = 507.0 ug/L).
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BHSDM Senaitivity Analysis of +/- 50X Dg for Trichlorcethene in Thawed Wausau Water
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and (12x40) P-400 Carbon (Bi = 75.8 ; Co = 1441.6 ug/L).
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MODEL PARAMETERS: |
MIlll-Q Water ; Tomp = 13.0 Deg.C
Carbon Type: F400 12x40 Mesh Rad=.05129 cm
Soiute: Toluene
Bl=133.5;St=0.0134 ; Tau = 16.4 min.
K=475.0 (umol/g){L/umol)**1/N ; 1/n=0.3282
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BHSDM Sensitivity Analysis of +/- 50% Dg for Toluene in M111i-Q Water and (12x40)
F-400 Carbon (Bi = 133.5 ; Co = 372.4 ug/L).



BUESDM culculations for vasrions Biot numbers. At short times, film transfer
Timits the rate and the initial part of the curve is more impacted by {ilm
teansfer, while the at longer times, surface diffurion limits the rate and the
later part of the curve is impacted by surface diffusivity. Figures VII-1
throogh VII-4 display the sensitivity analysis for the film transfer
coefficient, and Figures VII-5 through VII-B display the sensitivity analysis
for the surface diffusion cosfficient. These figures demonstrated that for
Biot numbers greater than sbout 30, film transfer had little impact on the
BESDM calculations. It is likely that these results are only valid for the
particular Freundlich K's and 1/n’s in this study.

B. Sensitivity Anslysis of the Freundlich Isotherm Parameters K and LV/a

in the Detexmination of the Surfsce Diffusion Rate

The Freundlich isotherm parameters K and 1/n mwust also be well defined to
accurately estimate the surface diffusivity. Table VI-1 displays the upper and
lower bounds of the 95% confidence limits. A sensitivity anslysis of the
Freundlich isotherm parameters, K and 1/n, was performed using the 95%
confidence limits for trichloroethene, tetrachlorcethene., and toluene, and are
displayed in Figures VII-9 throngh VII-14, respoctively. As showa in Figures
VII-9, VII-10, and VII-11, calculations were sensitive to the 95% confidence
limits in the Freundlich isotherm parameter K for trichloroethene, while the
95% confidence limits in the Freundlich isotherm constant K tetrachloroethens
and toloene had less impsct on BHSDM calculations. Although the 95%
confidence limits for the Freundlich isotherm parameter K have s significant
impact on the predictive profiles, the cspacities observed in the DCBR studies
sgreed fairly well with isotherm capacities as shovn in Table VI1-3.

As shown in Figures VII-12, VII-13, and VII-14, the Freundlich jisotherm
ptrameter 1/n for trichloroethene, tetrachloroethene, and toluene had 1little

impact on the BHSDM calculations.
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MODEL PARAMETERS:
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BHSDM Sensitivity Analysis of +/- 95% Confidence Interval for the Freundlich K
for Trichloroethene in Mil111-Q Water and (12x40) Carbon (Bi=18.1 ; Co=1322.7 ug/L).
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MODEL PARAMETERS:

Mill1-Q Water ; Temp ~» 11.0 Dag.C
Carbon Type: F400 12x40 Aesh Rad=.05129 cm
Solute: Tetrachioroethens
Bi= 46.8; St=0.0202;:Tau=81.2 min.
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Figure VII-10. BHSDM Sensitivity Analysis of +/- 95% Confidence Interval for the Freundlich K for
Tetrachloroethene in Mi11i-Q Water and (12x40) F-400 Carbon (Bi=46.8 ; C,»1438.4 ng/L).
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BHSDM Sensitivity Analysis of +/- 951 Confidence Interval for the Freumdlich K for
Toluene in Milli-Q Water and (12x40) F-400 Carbon (Bi=133.5 ; Co= 372.4 ug/L).



€9

1.0

MODEL PARAMETERS:

MIli1-Q Water ; Temp = 11.0 Deg.C
Carbon Type: F400 12x40 Mesh Rad=.05129 cm
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LEQEND:
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-+ —=436% C.l. Freundlich 1/n Using BHSDM
0.8 |- ———86% C.l. Freundlich 1/n Using BHSDM
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Figure V1I-12. BHSDM Sensitivity Analysis of +/- 95% Confidence Interval for the Freundlich 1/n for
Trichloroethene in M1114{-Q Water and (12x40) F-400 Carbon (Bi=18.1 ; Co=1322.7 ug/L).
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Milll-Q Water ; Tamp = 11.0 Deg.C
Carbon Type: F400 12x40 Mesh Rad=.06128 om
Solute: Tetrachloroethena

Bl=48.8 ; St= (0.0202 ; Tau = 81.2 min.
0.8 |- K=850.8 {umol/g)(L/umol)**1/n ; 1/n=0.4579
Do = 21.27 mg/L ; pH = 8.0
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— . —+96% C.I. Freundlich 1/n Using BHSDM
0.8 |- ~85% C.I. Freundiich 1/n Using BHSDOM

0.4 |-

REDUCED CONCENTRATION, C/Co

0.0 L ! ] 1 ! L. ! L !
0.0 20.0 40.0 80.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0
TIME, HOURS

- Interval for the Freundlich 1l/n for
ViI-13. BHSDM Sensitivity Analysis of +/- 95% Confidence
Figure Tetrachloroethene in Mi111-Q Water and (12x40) F-400 Carbon (Bi=46.8 ; C,=1438.4 ug/L).
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MODEL PARAMETERS:
MIilll-Q Water ; Tamp = 13.0 Deg.C
Carbon Type: F400 12x40 Mesh Rad=.05129 cm
Solute: Toluene
Bl= 133.5; St = 0.0134 ; Tau = 16.4 min.
K=478.0 (umol/g}{L/umol)**1/N ; 1/n=0.3282
Do=7.8 mg/L ; pii = 8.3

LEGEND:
- BEST FIT Freundlich 1/n Using BHSDM
—+= +95% C.1. Freundlich 1/n'Uaing BHSDM
~——-85% C.I. Freundl!ich 1/n Using BHSDM
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Figure VII-14,
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BUSDM Sensitivity Analysis of +/- 952 Confidence Interval for the FPreundlich 1/n for
Toluene in M1111-Q Water and (12x40) F-400 Carbon (Bi = 133.5 § Co = 372.4 ug/L ).



Vill. CORRHLATIONS FOR TBE DRTERNINATION OF SURFACE DIFFUSIVITIES

Correlations were developed to determine the surface diffusivities from
the physicsl properties of the adsorbent and the known chemical properties of
the adsorbates. The properxties of adsorbates that where investigated for
possible correlation were: 1) the boiling point of the adsorbates, 2) the
liquid diffusivity of the sdsorbates and the partitioning evsluated at the
initial concentration of the adsorbatos 3) the liquid diffusivity and the
sverage driving force of the adsorbstes and 4) the self~diffusivity and the

partitioning evaluated at the initial concentration of the adsorbates.
A. Correlation Basod on tho Boiling Point of the Adsorbates

A method which was proposed by Suzuki eot, al,, (1975), is given in the

following equation:
D - A exp[—B (Tb/T)] (VIII-1)

in which, Tb is the boiling point temperature of the adsorbate in °f and T
is the temperatare of the batch rate study in °K.

The basis for this equnation is to relate the lcti;ution enexgy in the
surface diffusion process to the heat of vaporization for a given solute.

B. Correlatiom Based onm the Liquid Diffusivity and the Partitiomismg

Evaluated st the Initial Conceatratiom of the Adsorbates

The basis for this equation was to set the effective solid diffusion flux
equal to a pore diffusion flux times s constant. This constant was defined as
the pore to surface diffusion flux ratio (PSDFR). The following equation wes
developed from the total adsorbent phase mass flux, Jtot' given in Figure III-

1:
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d4q D, ¢ aC
|
P2 (VI11-2)
dr T dr

Tiet - D,

The following equation is s simplification of Equation VIII-2 which

1rjresents the total flux as an effective solid diffusion flux:

, 99
Ieot = -D, (VII1-3)
o'r
where
aq
Snrfasce Flux - - D‘
Contribution er
D, e ac
1
Pore Flux - - P B
Contribution tp dr
Effective . 9q
Solid Flux = - D s
Czntribution a

The pore diffusion coefficient was given as:

Dy

(VIII-4)

Tp

Values for the tortuosity, t_, range between 2 and 6. A value of 1.0 was

p

chosen for because it would give the largest flux dume to the contribution

pl
of pore diffusion. However, this was not important, because the effects of Tp
were taken into account in the pore to surface diffusion flux ratio, PSDFR.

Setting the Equation VIII-2 equal to Equation VIII-3 yields the following

eguation:
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, ] ¢ 8C by
I J— - P __°¥ v, — (VI11-3%)
1 T ar ar

Reatsunging Equation VIII-5 end uveing the chain rule resnlts in Equatiun

VIII-6:

aq D, ¢ aC 4q

. 1

', “ - | P _? D, (VI1I-6)
ir S dq or

Setting the surface diffusion coefficient, D equsl to the pore

"
diffusicn flux times a constant (PSDFR - 1) yields:
Dy e aC
1
D, - P 2 (psprr - 1) (VI1I-7)
TP aq

Substituoting Equation VIII-~7 into Equation VIII—6 and simplifying results
in the following equation:

Ds = ‘ (PSDFR) (VIII-8)
T Pa aq

Taking the partial derivative of the Freundlich isotherm equation with

respect to the liquid-phase concentreticon, CP rezzlte in thie equation:
aq

— - 1mxc /1) (VIII-9)
an

The quantity, aq/an. was determined from the Freundlich isotherm equation.
Partitioning is defined as the ratio of the concentration in the adsorbent

ptase 1 the concentratijon in the fluid phase. The average partitioning was

6R



taken over the entire concentration range. The lower limit of the
conocentration vas 3er0 and the upper limit of the conoentrstion vas the

initial concentration, C,. Tho resulting equstion is:

[
% I (8q/0c) ac,
— - (VI1I-10)
o, / ac,

Substituting the quantity, aq/acp. into Equation VIII-10 resuited ia the

following equation:

dq [ /ax cl,u/“l -1 ac,
— - 3 (VIII-11)
acp J dc,

Integrating and evaluating the equation at its limits yields:

aq K colln
e - (VIII-12)
GCP C

Substituting Equatiom VIII-12 into Eq'nution VIII-8 zesults in the
following equation:
‘p Dl Co

D’ - 1/n (PSDFR) (VIII-13)
*p Pa K Co

C. Correlation Based oa the Liquid Diffusivity and the Average
Drivimg Force of the Adsorbates
The correlation which was based on the 1iquid diffusivity and the
average driving force of the adsorbates wss used to take the average of that
which appears in Equation VIII-8. The lover limit of the conceatratioa was
zero and the upper limit of the concentration was the initisl concentration.

The resuvlt was:
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L1Y I 1/(aq/0C_) dC
L4 V' T (VIII-14)

- ,
q J ac,

Substituting the gquantity, oq/acp. into Equation VIII-14 gesults im the

folloving equation:

‘ i/n -1
oc, J1ta/m e, t/n -1 g

(VIII-15)
L
q / dc,
Integrating and evaluating the equation at its limits ylelds the
following equation:
ac (1 - 1/n)
an Co ]

- ' (VIII-16)
dq (1/n) X (2 - 1/n)

Substituting Equation VIII-16 into Equation VIII-8 resulted in the

following equation:

(1 - 1/n)
D’ - 2 2 (PSOFR) (VI1I-17)

tp P (1/n) £ (2 - 1/n)

D. Correlation Based or the Self-Diffusivity and the Partitioning
Evaluated at the Imnitisl Comcentratiom of the Adsorbates
A correlation was developed to relate the surface diffusivity to the
self-diffusivity of the adsorbatas. Due to adsorption, s condensed state of
the solute can exist. This condensed solute may diffuse st a rate which is
more like the self~diffasivity of the molecule ss opposed to the 1liquid
diffusivity of the molecule, To express this, the self-diffusivity was

determined from a correlation given by Bird, Stewart, arnd Lightfoot (1960):
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kT N, 11/3
DA - [ (VIII-18)

2n "‘A Vb

Equation VIII-18 was based on hydrodynamical theory. It takes as its
starting point the Stokes-Einstein equation. The sssuxptions of this equstios
are: 1) thers is no tendency for the fluid to stick st the surface of the
diffusing particls, and 2) the molecules are all alike and can be arramged im
8 cubic lattice with all molecules touching.

Equation VIII-18 was substituted into Equation VIII-13 in place of Dl to
yield the final oquation based on self-diffusion:

L Daa Co N

D', - /n (PSDFR) (VI1I-19)
Tp Pa K Co

BE. Results and Discussion

The experimentally measured surface diffusivities of varioons synthetic
organic oompounds were obtained from the literature (Crittenden, 1978;
Pirbezari, 1981; Thacker, 1983; van Vliet ot. al., 1981; Liv gt, al,, 1981;
and Sabin, 1981). The important parameters, along with the caloulated
contribution of the diffusion flux are presented in Tables VIII-2 through
VI1I-4.

For the Svuzuki method, measured svrface diffusivities of aliphatis,
halogenated hydrocarbons wers plotted versus the ratio of the boiling point of
the adsorbate to the temperature of the experiment. The experimental surface
diffusivities, along with the boiling points of the adsorbates are dupllyo:a
in Table VIII-1. The dats were fit using the International Mathematical and
Statistical Libraries (IMSL) nonlinear least squares method and was determined

by minimizing the sum of the differences betveen the experimental surface

diffosivities and the ratio of the boiling point of the sdsorbate to the
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tempersture of the batch rate study., The final form for the Buzuki equation

A8

D . 4.73 x 1077 oapl~11.665 (/)] (VI11-20)

The oorrelation coefficient for ths Suzuki method was 0.7016.

The correlation which was based on the 1iquid diffusivity and the
partitioning evaluated st the initisl concentration of the adsorbates vwas
determined by plotting experimentsl surfsce diffusivities versus the pore
diffusion flux contribution (PDRC) es shown in the following equation:

D, G

b )
PDEC - (VIII-21)

1/a
Tp P KC,

The experimental surface diffusivities and the PDFC from Table VIII-2
were fit using the International Mathematical and Statistical Libraries (IMSL)
linear least squares method and vas determined by minimizing the sum of the
dif!o;cnces betwveen the éxpetinental surface diffusivities and the those
calcnlated by equation VIII-21., The equation was of the form Y = A ¢ X, The
slope, A, corresponds to the pore to surface diffusion flux ratio, PSDFR.
Figure VIII-1 displays the data along with the best linear fit and the 95%
conf idence bands on a log~log plot. The best fit slope of the line was 6.5814
with 95% confidence limits of 4.603 to 8.560. The correlation coefficieat for
this method was 0.8987. This correlation included data of bhalogenated, one and
two carbcn molecules, and some substituted, aromatic compounds for two types
of carbons. Some solutes, however, were not included in the correlation. Two
of the solutes were run on s different type of carbon. The HD-3000 and HD-4000
carbons have a large volume of macropores, while the WV-G and the P-400
carbons have s large volume of micropores. Also ;~toluens nnlfcn'lto and

phenol, which were conducted by van Viiet gt, al,, were excluded, since the
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pore flux rate was greater. This was the only cccurrence of the pore flux
rate being greater in the literature. Comsequently, it was mot vsed, becsuse
it would affect the PSDFR determination. The p-bromophenol and toluene
surface diffusivities were excluded, since these compounds gave & pore to
surface diffusicn flux satio that was much greater than the average pore to
surface diffusjon flux rstio. The exclusion of these data allow the
correlation to nndarestimate the surface diffusivities of some solutes.

The correlation which was based on the 1iquid diffusivity and on the
sverage driving force of the asdsorbates was determined by plotting
experimental surface diffusivities versus the pore diffusion flux
contribution (PDFC) from the following equnation:

6 >, C, (1 - 1/n)

PDRC - (VI1l-22)
Tp Py (1/n) X (2 - 1/n)

The experimental surface diffusivities and the PDFC from Table VIII-3
were it using the IMSL linear least squares. The best fit slope of the line
was 4.372 with 95% confidence limits of 2.8337 to 6.367. The correlation
coefficient for this method wes 0.8849. A showa iam Table VIII-3, only the
data for the aliphatic, halogenated, volatile organic compounds and the two
carbons of interest were used to determine the PSDFR.

The correlation which was based on the self-diffusivity and the
partitioning evaluated at the initial comcentration of the adsorbates vas
determined by plotting experimental surface diffusivities versus the pore
diffusion flux contribution (PDFC) as showa iz the folloving equation:

e. D C
PDFC - A o (VII1-23)

< ¢ cgl’-

p Pa
The exporlnntai surface diffusivities from Table VIII-4 and the PDFC
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from Equation VIII-23 were sgain fit using the IMSL linesr least squares. The

best fit slope of the l1ine was 4.549 with 95% confidence 1imits of 1.451 to

7.646. The correlation coefficient for this method vwas 0.79356. As shown in
Table VIII-4, only the dats for the aliphstic, halogenated, volatile organic
compounds and the évo carbons of interest were used.

The best ocorrelation as determined from the oorrelstion coefficient was
based on the liquid diffusivity and the partitioning evaluated at the initial
conoentration of the adsorbates, Bquation VIII-13. This equation is valid for
halogenated, one and two carbon molecnles, and some aromatio substituted
organic compounds on F-400 and YV-G carbons. To make conservative estimates
for fizxed-bed design, Equation VIII-13 may be used to estimate the surface
diffusivity of a variety of adsorbates. With the exception of data from van
Vliiet gt, 2l., Equation VIII-13 ejther prediocts the surface diffusivity with
roasonable precision or & lover surface diffusivity for some compounds. See
Table VIII-2 for a comparison betveen the measured and calculated surface
diffusivity., Consequently, the calculated surface diffusivity can be used to
make 8 conservative estimate of the wass transfer zone lengths in a fixed-bed
(Hand et, 1141 1984). This estimate would be consexrvative because, the
surface diffusivity would either be correct or underestimated such that there

would not be premature breakthrough of the sclute in the fixed-Ded.
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IX. CONCLUSIONS AND RECONMMENDATIONS
A, Conclusions

1.) For single—solute differential coluvmn batch reactor studies on both
the 12x40 and 60x80 mesh carbons, the batch homogeneous surface diffusion
model and the batch pore and surface diffusion model were able to
simulate the concentration history profiles for the following volatile
organic compounds: c¢is—1,2 dichloroethene, tetrachloroethene, toluene,
and trichloroethene.

2.) The batch pore diffusion model was not able to predict the
differential column batchk reactor experimental data for single—solutes on
the 12x40 and 60x80 mesh carbons. Therefore, surface diffusion was the
controlling mechanism, because the pore diffusion mechanism alone did not
predict the data. In addition, the batch pore and surface diffusion
model, BPSDM, and the batch homogeneous surface diffusion model, BHSDM,
were compared and it was found that the surface diffusivity did not
change significantly from the BPSDM to the BHSDM. Therefore, the
contribution to the total intraparticle flux from pore diffusion was
negligible.

3.) The rates of uptake for trichloroethene in organic—free water and
trichloroethene in thawed Wav au water matrix were almost identical.
Since most of the VOCS were lost when the Wauseau water was frozen, the
background total organic carbon present had no effect on the adsorption
rate or capacity of the carbon for the solute trichloroethene.

4.) It was not possible to conduct a multicomponent rate study on the raw
VWausan water matrix, since degradation and proper selection of the carben
dosage were a problem. It was demonstrated that toluene degraded over &

period of eight days to 30% of it original concentration, while the"
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a;}phatic halogenated hydrocarbons (cis-1,2 dichloroethene,
trichloroethene, and tetrachloroethene), showed little degradation.
Therefore, both degradation and adsorption were occurring in the
multicomponent rate study. It was not possible to select an appropiate
carbon dosage for a multicomponent rate study. If a2 high carbon dosage
was chosen to observe the concentration history profile of the weakly
adsorbing solute, it wonld result in a film transfer limited case for the
strongly adsorbing solute. If 2 low carbon dosage was chosen to observe
the concentration history profile of the strongly adsorbing solute, the
concentration history for the weakly adsorbing solute would not be
significantly depressed enovugh to sec a profile and measurement of the
intraparticle surface diffusion coefficient for the weakly adsorbing
solute would not be possible.

SJ To properly design and evalunate DCBR data for the determination of
the surface diffusivity, the following three requirements, which are
based on the sensitivity analysis and other calculations, must be met:
(a) the Biot numbers should be greater than 30, such that the surface
diffusion is the rate—~limiting mechanism, (b) tke Stanton numbers
should be less than or equal to 0.017, such that the concentration
across the differential column is the same as the concentration in the
DCBR reservoir, (c) the Freundlich isotherm constants, K and 1/n, are
know to a high degree of accuracy.

6.) Four correlations were developed to determine the surface
diffusivities of aliphatic, halogenated volatile organic compounds from
the physical properties of the adsorbent and the chemical properties of
the adsorbates. The properties of the adsorbates that were investigated

for correlation were: (a) the boiling point of the adsorbates, (b) the



liquid diffnsiviiy of the adsorbates and the average driving foxce of the
adsorbates, (c) the self diffusivity of the adsorbates and the
partitioning evaluated at the initial concentration of the adsorbates,
and (d) the liquid diffusivity of the adsorbates and the partitioning of
the adsorbate between tbe bulk fluid and the adsorbent evaluated at the
initial concentration of the adsorbates. The correlation coefficients
for each of the above methods were 0.7016, 0.8849, 7699, and 0.9450,
respectively., Since the correlation which was based on the liquid
diffusivity and the partitioning of the adsorbate between the bulk fluid
and the adsorbent evaluated at the initial concentration of the
adsorbates was the best fit, other compounds from the literature were
included in the correlation. The correlation is now applicable to
halogennted, ome and two carbon molecules, and some aromatic substituted
organic compounds for the WV-G and F-400 carbons. The correlation
coefficient for this method was 0.8987.

7.) This correlation is uvseful to make conservative :stimates for fixed-
bed design, becanse the correlation may be combined with the method
developed by Hand et. al,; 1984, to calculate the mass transfer zone

length in a fixed-bed.
Recommendations for Future Work

Based on the results of this work, the following areas are

recommended for further study:

1.) More adsorbate—adsorbent systems need to be examined for the
correlation which is based—og‘the liquid diffusivity and the partitioning
of the initial concentration of the adsorbate:. Also the effect of
particle size of the adsorbent and the initial concentration of the
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adsorbates shonld be examined to determine if a more general correlatioa
for the surface diffusivities can be developed.

2.) Finally, the correlation which was based on the liquid diffusivity
ard the partitioning7of the initial concentration, should be used to
calculate the surface diffusivities of the compounds of interest in the
Vausau water matrix. These surface diffusivities should be used in a
column pore and surface diffusion model to see if the breakthrough
profiles from a pilot column of the major components found in the Wausau

water matrix can be predicted.
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APPENDIX 2.

s, max

tot

NOUMENCLATURE

Biot number based on surface and pore diffusivity
(dimensionless): R kf,i(l-s)/[ns.i(ngs,i + Dgp'i) +
Dp.iDgp,i]E

Biot number based on surface diffusivity (dimensionless);
R kf,i(l_E)/(Ds,i Dgg 3 €)

reduced adsorbate concentration in bulk phase as a
function of dimensionless time (dimensionless);Ci(t)/C

o,1
initial bulk phase concentration (M/L3)
reduced adsorbate concentration in adsorbent pores as a

function of dimensionless radial position and

dimensionless time (dimensionless); Cp i(r.t)/Co i

adsorbate concentration in adsorbent pores as a
function of radial position and time (M/L3)

self-diffusivity of the adsorbent (}/L-t)

combined solute distribution (dimensionless);
(Dg 4,5 + Dgy, 3)

solute distribution parameter based on pore diffusivity
(dimensionless); ep(l—e)/a

solute distribution parameter based on surface diffusivity
(dimensionless); paqe.i(l—a)/sc

o,1i

liquid diffusivity of the adsorbent (L2/t)

dosage of adsorbent (M/L3)

pore diffusivity based on pore void fraction (L2/t)
surface diffusivity (L2/t)

effective surface diffusivity (L2/t)

surface diffusivity of the fastest diffusing component
{L3/t)

distribution function (dimensionless)
total mass flux based on surface and pore diffusion (M/L3)

Boltzmann constant; 1.38054 1076 erg/ K
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S(min)

S(©)

Freondlich isotherm capacity constant (M/l()(l.’/M)lln
film transfer coefficient (L/t)

mass of adsorbent (M)

Reynolds number; 2p, v, / g

Schmidt number for component i; #/py Dy,

Avogadro’s number; 6.023 10+23/m01

number of data points

Freundlich isotherm intensity constant (dimensionless)
number of parameters

adsorbent phase concentration in eqnili?:inm with initial
.

bulk phase concentration (M/M); K;C, il i

adsorbent pkhese concentrution as & function of radial
position and time (M/M)

reduced adsorbent phase concentration as 8 function of
dimensionless radial position and dimensionless time

(dimensionless); qi(r.t;)/qe’i

volumetric flow rate through the differential carbon
column (L3/t)

radial coordinate (L)

reduced radial coordinate (dimensionless); /R
adsorbent radius (L)

minimum relative error (dimensionless)

relative error for a given confidence contour
modified Stanton number; kg ; (1 -e) ©/ R (e)
temperature (%K)

boiling point of the adsorbent (°K)

reduced time based on surface and pore diffusion
(dimensionless); I(Ds,i/RI) + (Dp’ico.itp/RipaYe’i)]t
reduced time based on surface diffusion (dimensionless);

(Ds.max/Rz ) t

-volume of _reactor (L3)
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!i(:' t)

!i(:.t)

GEEEX SYNBOLS

RA

molar volume of adsorbent (L*/M)
volume of the carbon bed; M/pb
superficial velocity (L/t)

total adsorbent phase concentration in equilibrium with
initial bulk phase concentration (M/M)

total adsorbent phase concentration as a function of
radial position and time (M/M); q (r,t) + zpCp.i(r.t)/p‘
reduced total adsorbent phase concentration as a function
of dimensionless radial position and dimensionless time
(dimensionless); Y.(r,t)/Y. .
i e, i
ratio of intraparticle phase mass flux due to surface
diffusion to total intraparticle phase mass flux

(dimensionless); D 'Dsi/(ns.ingi + D )

s,1i p.ingp.i

ratio of mass flux in adsorbent pores due to difference
between pore and surface diffusion to total intreparticle
phase mass flux (dimensionless);

D, ;D ; ~D, /(D ;Dg; + D

°p,i o, i )

P'ingpni

confidence contour (dimensionless)

porosity of tbe differential column batch reactor
(dimensionless)

fraction of volumetric space in adsorbent phase unoccupied
by adsorbent (dimensionléss)

adsorbent density which includes pore volume (M/L?)
bulk density of the carbon (M/L?)

density of graphite which ranges from 2.0 to 2.2 g/cm?
bhydresulic retention time (t)

floid residence time in the packed bed; Vp/Q
tortuosity of adsorbent (dimensionless)

viscosity of water’(M/L—t)

viscosity of adsorbent (M/L-t)
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ABBREVIATIONS

BHSD“ Batch Homogeneous Surface Diffusion Model
BPSDM Batch Pore and Surface Diffusion Model
CMBR Completely Mixed Batch Reactor

DCBR Differential Cclumn Batch Reactor

DCE cis—1,2 Dichloroethene

EB Ethylbenzene

F-400 Calgon’'s Filtrasorb 400

GAC Granular Activated Carbon

IAST Ideal Adsorbed Solution Theory

IMSL International Mathematical and Statistical Libraries
PCE Tetrachloroethene

PGAC Powdered Granular Activated Carbon

PDFC ‘Pore Diffusion Flux Contribution

PSDFR Pore to Suface Diffusion Flux Ratio

SOCS Synthetic Organic Compounds

TCE Trichloroethene

TOL Toluene

yocs Volatile Organic Compounds

WV-G Westvaco’s Carbon
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APPENDIX 3. TRACE ORGANICS RESEARCH EQUIPMENT CLEANING PROCEDURE

All of tho materials tLat came into contact with either the activated
carbon or the volatile orgaric compouads were cleaned by the trace organics
research equipment cleaning procedure. This procedure prevented leaching cf

volatile organic compounds from the glassware to the carbon.

A. Glasswareo

1. The zlasswarc was cleaned with MICRO (International Products
Corporation, Trenton, N.J.), 2 laboratory detergent.
The soap was a phosphate free laboratory cleaner.

2. All glassware which was used in experiments werve
chromerged. Chromerge is & trade name for a chromic acid
¢leaning solution.

3. The cleaned glassware was sosked with the chromerge solution
for at least two hours,

4. The chromerge solution was removed and the glassware was
thoroughly rinsed with distilled water,

5. The glassware was allowed to air dry. A dilute solution of
sulfuoric acid (10 parts distilled water : 1 part concentrated
sulfuric acid ) was used to rinse thke glassware. The
glassware was soaked with the acid solution for ome-nalf hour.
6. The sulfuric acid soluntion was removed and the
glassware was rinsed with distilled water.

7. The glassware was baked for one hour at 250 °C to remove
the water.

8. The glassware was silinized to remove any active sites on

the glassware vhere adsorption could occur. The mixture vsed
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was a 10% solution of dimethyldichlorosilane in tolmene.

9. The glassware was soaked in the silane soluntiom for 10
minutes, The glassware was baked at 250°C for one hour,

10. Steps 2 through 9 were conducted every four months on the
glassware used in the laboratory.

11. The glassware was rinsed with tap water.

12, The glassware was rinsed with distilled water and allowed
to air dry.

13. The glassware was rinsed with technical grade methanol. The
glassware was allowed to air dry to evaporate the methanol.

14, The glassware was placed in an oven at 250°C for at least
one hounr. This helped to drive off any organics that may bave
been present upon the glassware,

15. The glassware wes cooled and covered with alumipum

foil, shiny side up.
B. Teflon

1. The teflon was washed with the MICRO Aetergent.

2. The teflon was rinsed with tap water.

3. The teflon was rinsed with distilled water and allowed to
air dry.

4. The teflon was rinsed with technical grade methanol and
allowed to air dry.

5. The teflon was baked in a forced air oven at 105°C for one
hour.

6. The teflom circles were stored in a clean beaker srd

covered with aluminum foil, shiny side up.
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C. Rubber septa

1. The rubber septa were washed with the MICRO detergent.
2. The rubber septa were rinsed with tap water.
3. The rubber septa were rinsed with distilled water and
ellowed to air dry.
4. The rubber septa were rinsed with technical grade methanol.
S. The rubber septa were placed in the forced air oven at 105°C
for ten minutes.

6. The rubber septe were stored in & clean beaker and covered

with aluminum foil, shiny side up.

Stainless steel

1. The stainless steel fittings were washed with the HICRO
detergent end rinsed with tep water. .

2. The stainless steel fittings were rinsed with distilled
water and allowed to air dry..

3. The stainless steel fittings were rinsed with technical
grade methanol and zllowed to air dry.

4. The stainless steel fittings were baked in a forced air
oven at 105°C for one hour.

5. The stainless steel fittings were removed from the oven and

covered with aluminum foil, shiny side wup.



APPENDIX 4. CARBON PREPARATION AND CHARACTERIZATION
A. Proceduro for Obtaining a Represontative Sample of GAC

In this study, Calgon’s Filtrasorb 400 (F-400), (lot number 52095), and
Westvaco’s WV-G (lot number 39815) granular activated carbons were used. It
was important to insure a representative sample of the lot, since shipping and
hardling could cause attrition and stratification of the carbon in the bag. A
sample splitter was used to obtzin a uniform sample of carbon,

Prior to splitting the carbon, 2all of the equipment which came into
contact with the carbon was cleaned by the Trace Organics L.search Equipment

Cleaning Procedure. See Appendix 3.

1.  Carbon Splitting Procedure

The carbons were each contained in two 50 pound bags and were split into
smalier samples such that a representative sample of the beg could be
obtained.

1. The two 50 pound bags were first split by consecutively removing
1 liter of carbon from each bag, This effectively combined the
contents of each bag. The bags were labeled 1 and 2.

2. Bag 2 was set aside and bag 1 was split into two lots labeled
A and B,

3. Bag B was set aside and bag A was split into two lots labeled C
and D.

4. Bag D was set aside and bag C was split into two 1lots labeled E
and F.

5. Bag E was used for equilibrinm, kinetic, mini-column, small-
colunn, particle size distribution and bulk density experiments.

Bag F was used for the pilot unit which was set up in Weausau,
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Wisconsin.
B. Procedure for Washing the GAC

Before the carbon was used for experimentation, it was washed to remove
the fine carbon particulates. The.ptesence of the fine carbon particles could
caunse the adsorption rate to be faster than it would be if only uvaiform
particles were used.

1. Approximately 500 ml of GAC was placed in 2 1 liter beaker.

2., 300 ml of Milli—Q water was added into the beaker.

3. The conténts were swirled with & glass stirring rod.

4. The contents were slloved to settle for five minutes.

5. The supernatant was decanted and more Hilli-Q water was sdded
until the sopernatant wes clear.

6. The GAC was placed in an oven at 105°C for 16 hours.

7. The cerbon wes removed and allowed to éool in a dessicator.

8. The carbton was transferred into clean, brown, borosilicate

bottles with teflon circles in the caps and stored in a cool place.
C. Procedure to Determine the Particle Size Distribution

A good velue of the mean particle size will enable the mathematical
models to better describe the data, A particle size distribution was conducted
for this purpose.

1. A 500 gm sample of the washed F-400 and WV-G cerbons were
obtazined. Since the carbon was 12x40 mesh, the following U.S.
standard mesh sieves were used: 10, 12, 18, 20, 25, 30, and 40.

2. The sieves were stacked in the following order: 10, 12, 18, 20,

25, 30, and 40. The smallest mesh was at the top of the stack and
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the largest mesh was at the bottom of the stack.

3. The sieves were placed on a Ro—tap and the 500 gm sample was
added.

4, The GAC was agitated on the Ro—-tap for 30 minutes.

5. The GAC on each sieve was placed in a clean beaker and the
carbon weight was determined.

The raw data for the sieve analysis for both carbons are presented in
Table 4-1. Table 4-2 contains the sieve size and sieve openings along with the
amount of carbon which vassed each sieve. The results are plotted in Figures
4-1 and 4-2 (Fair et, al,, 1971). The mean particle diameters for the WV-G and
F-400, 12x40 mesh carbons, were 0.1074 cm and 0.1026 c¢m, respectively. The
uniformity coefficients, C_, for the ¥V-G and F-400, 12x40 mesh cerbons were

o

1.9 and 1.7, respectively.

DP. Procodure to Determine Grain Shape and Shape Variation of the GAC

1. A representative sample of botk the ¥V-G and F-400, 121240
carbons were obtained.
2. Both carbons were observed under a microscope and compared to
Figure 4-3 (Fair et. al., 1971).
The results for the WV-G and F-400 carbons are shown in Figure 4-4. The
bed void fractions for the WV-G and F-400 carbomns are 0.425 and 0.405,

respectively (Kato, 1984).
E. Procedure to Detexrmine the Bulk Density of the GAC

1. A clean, 100 ml, gradusted cylinder was obtained for this
experiment. A round, porous, glass plate fit tightly in the
graduated cylinder.

2. Various amounts of weighed, dry carbon were placed in clesan
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Table 4-1. Results of the Sieve Analysis for the F~400 and WV-G

Carbons.
Standard WV-6 Percent F-400 Percent
Sieve Carbon Veight Caxbon Weight
Size VWeight ¥Vv-G Weight F-400
(gm) (%) (gm) (%)
10 x 12 11.5 2.34 5.0 1.00
12 x 18 268.0 54.42 285.0 57.11
18 x 20 76.0 15.43 81.0 16.23
20 x 25 47.0 9.54 52.0 10.42
25 x 30 44.0 8.93 39.5 7.92
30 x 40 32.5 6.60 28.5 5.71
> 40 13.5 2.74 8.0 1.61
100% iOO%
Table 4-2. Sieve Size and Percent Carbon Passing a Given Sieve

for the F-400 and WV-G Carbons.

Stendard Sieve Percent Percent Log
Sieve Opening Passed Passed Size
Size F-400 WV-G

(cm) (%) (%) (cm)
20 0.200 100.0 100.0 -0.699%
12 0.168 99.0 97.7 -0.775
20 0,084 25.17 27.8 -1.076
25 0.071 11.8 18.2 -1.149
30 0.056 7.3 5.3 -1.125
40 0.042 1.6 2.7 -1.377

Note: The originel weight basis was 500 gm for each carbon.
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1
2
beskers containing Milli-Q water and allowed to set overmight.

3. A boa_ke: containing the carbon was poured into the graduated
cylinder and the carbon was sllowed to settle.

4. The round, porous, glass plate was placed on top of the carbon
and the volume was recorded.

The size of the graduated cylinder was important in the determination of
the bulk density. For the wall effects to be negligible, the diameter of the
gradvated cylinder should be at least 20 particle diameters. In this case,
the graduated cylinder was 25 particle diameters. The data for the bulk
density experiment are shown in Table 4-3 (Kato, 1984), Figure 4~5 shows the
data plotted using the International Mathematical and Statistical Libraries
(IMSL) linear least squares method. The bulk densities for both 12x40 carbons
were determined by ninimizing’the sum of the squares of the percent error in
the weight measurements. The equation was of tke form, Y=A*X, and the line
was forced through zero. The bulk densities for tho YV-G and F-400 carbons

were 0.433 g!cm3 and 0.478 g/cn3. respectively.
F. Calculation of the Apparent Demsity

The apparent density was calculated using the void fractions and bulk

donsities from 4-D and 4-E, respectively:

P = —-———‘ (4-1)
2
(1-8)

The apparent densities for the WV-G and F-400 carbons were 0.7530 glcm3

and 0.8034 slcn3. respectively.
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Table 4-3. Dats Collected From the Bulk Density Expei ‘ment for
12 x 40 mesh F-400 and ¥V-G Carbons.

Veight of Volume of Yeight of Yolume of
F-400 F-400 V-G YV-G
Carbon Carhon Carbon Carbon
(gm) (cm”) (gm) (cm®)
3.76 8.2 2.05 4.8
6.75 14.5 3.97 8.8
9.89 19.9 5.%0 13.6
15.61 27.1 8.51 19.5
16.09 33.6 10.91 26.0
19.06 39.7 12.85 29.6
— —— 14,99 34.2

Note: This experiment was conduoctod with a 10C ml graduated
cylinder (Eato, 1984).
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G. Calculation of the Intraparticle Void Fractiom

The intraparticle void fraction was calculated using the apparent

densities from Appendix 4-F and the density of graphite, pg- Which is 2.2

glem3:

(4~2)

The intraparticle void fractions for the WV-G and F-400 carbons were

0.658 glcn3 and 0.641 g/cn3. respectively,
H. Preparation of Powdered and Ground Activated Carbon

The powdered activated carbon (200 x 400 MESH) was used in the bottle
point isotbarm studies and the ground granular activated carbon (60 x 80 MESH)
was psed in some of the differential column batch reactor (DCBR) and mini-
column studies,

There are two methods to produce either powdered or ground activated
carbon: the nse of a ball mill or mortar and pestle. The mortar and pestle
was employed, since it was the most convenient and available method. The
yield from the mortar and pestle for both the powdered and ground carbon was
60%.

1. Proceduro for Obtajning Powered and Ground Activated Cazbon

2. The moxrtar and pestle were cleaned according to the procedure
presented in Appendix 3.

b. An initial aconut of carbon (100 g) was crushed. This carbon
was separated using the following sieves: 30, 35, 40, 60, 80, 100,
and 200. This was done to observe the amount of carbon which would

psss the 60 mesh, but be retained on the 80 mesh.
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¢. The carbon which was retained on the 80 mesh was set aside and
the carbon which did not pass the 60 mesh sieve was further
crushed.

d. Steps 2 through 3 were continued until all of the o#iginll 100
gm sample had pagsed the 60 mesh and the desired amount of ground
activated carbon was obtained.

e. For Powered Granularx Activated carbon, the following sieves were
used: 40, 50, 60, 80, 100, 200, and 400. In this case, the carbon

must pass the 200 mesh, but be retained on the 400 mesh.
2. Procedure to Clean the Ground and Powdered Activated Carbon

a. The carbon was placed in a centrifuge bottle (250 ml). The
bottle was filled about full.

b. Milli-Q water, purged with helium, was added to the centrifuge
bottle. The Milli—-Q water was purged because trace amounts of
chioroform vere detected in the Milli-Q system. Care was also
observed when the water was added to the dry carbon;,  The powdered
or ground carbon will adsorb water and displace air, causing the
carbon to splatter.

¢c. The coentrifuge bottles were placed into the centrifuge and
rotated at 2000 RPM for 15 minutes.

d. The bottles were removed and the supsrnatant was observed.

e. Steps 2 through 4 were continued until the supernatsat was clear.
f. The carbon slurry which remained were placed into an oven at
105°C for 16 hours.

g The carbon was transferred into clean, dark, borosilicate glass
bottles with teflon circles in the caps. The bottles were placed in

a dessicator for future use.
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APPENDIX 5. PROéiDURE FOR DIFFERENTIAL COLUMN BATCH REACTOR

Iie following procedure was nsed ia the evaluation of tL- surface
diffusivities of various volatile organic compounds (VOCS)., F:zure 5-1
displays the general design of the differential column batch reactor (DCBR).
Table 5-1 contains the equipment list for the DCBR. The unit was constructed
using glass, teflon, and stainless steel parts., These materials are chemically
inert and reduce the possib;lity of biased results due to system leaching.
Tke glassware, teflon, and stainless steel appurtances were cleaned according

to the Trace Organics Cleaning Procedure, Appendix 2.
A. General Operation of ths Differential Column Batch Reactor

1. A continuously mixed glass reactiom vessel was
completely filled with a& water matrix run at isothermal conditionms.

2. A pH of 6.0 was controlled using a suitable buffer.

3. The suction line leaving the reactor was connected to a pump.
The discharge line can either pass the water through a bypass loop
or through a column packed with a differential height of granular
activated carbon (GAC). PFigure 35-2 describes the suction and

discharge port for each reactor design, respectively.
B. Selecting the Proper Columm

Various column dismeters may bs wused in the study. The
column diametexr was chosen, based on the mass of carbon used and on
the carbon particle size, to insure a minimum of channeling and wall

effects.
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Table 5~1. Equipment List for the Differential Column Batch Reactor

1-F.M.I. Pump, Model RP, 1/4 Inch Piston

1-12L Glass Carboy Reactor:

1-Fisher Scientific Stirplate

3-3/8 Inch Whitey Regulating Valves, (SS)

3-3/8 Inch Swagelok Union Tee, (SS)

5-3/8 Inch Swagelok DUnion Elbows, (SS)

2-3/8 Inch to 1/4 Inch Swagelok Reduncing Union, (SS)
2-3/8 Inch to 3/8 NPT Swagelok Male Coanector, (SS)
2~-TJamilton 4-Port Valve

1-5 ml Hamilton Syringe With Luer-Loc

1-30 m1 Bamilton Syringe With Luer—Loc

1-50 m1 Hamilton Syringe With Luer-Loc

1-1 Inch Teflon Stirbar

1-#12 Rubber Stopper

2-Teflon End Pluogs, #15 -

100gm, 3mm Diameter Glass Beads

Silanized Glass Wool

Glass Columns:
6,11,15,25nm

Tubing:

3/8 Inch Teflon For Main Lines
1/8 Inch Teflon for sampling 2nd Injection Lines
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C. Selecting the Proper Carbon Dosage

To the extent possible, the mass of carbon used in a rate study should
redoce the concentration of a VOC by at least 50% of the initial concentratioa
to obtain good rate data Hand ¢t, 31,, 1983).

To calculate the carbon dosage, Do' an overall mass balance for component

i in the DCBR may be written in word form as:

Msss of Component i Mass of Component i Mass of Component i
in the DCBR = in the Liquid Phase + in the solid phese
Initially at Equilibrium at Equilibriom

In mathematical terms tkis is expressed as:

u 9,1

0,1 e,i (5-1)

v

Substituting the Frenndlich isotherm equation into equation 5-1 yields:

M (c_ .- ¢C )
» i » i
D, = —_— = ° :/n (5-2)
v K: i ‘cepi i

in which, M is the mass of adsorbent, gm, V is the volume of the DCBR, cms,
c-o.i is the initial concentration of component i, pmol/L, Ce.i is the
equil ibrium conrcentration of component i, pmol/L, K is the Freundlich

isotherm constant, pmol/g (L/pnol)llni. and 1/a; is the Freundlich isctherm

constant, (dimensionless).
P. Packing the Differential Carboa Column

Figore 5-3 displays the packed column. Teflon end caps were packed with
silianized glass wool to contsin the 3.0 mm glass beads. The carbon was

packed between a bed of silanized glass wool,
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E. Mossuring the flow rate of the DCER

The flow rate to the DCBR was an importsnt consideration in the
determination of th; sorface diffusivity., See Section V-A for further
discussion. A high flow rate was required to obtain a good estimate of the
surface diffusivity., The hydrsulic retention time is the ratio of the the
resctor volume 10 the flow rate (See Equation V-1), This indicated the
frequency at which samples could be taken. The flow rate was measured by
packing the column with 3.0 mm glass beads and collecting the vater over sn

elapsed time period.
F. Spiking the Rosctor with a YOC

1. When the batch reactor system showed no sign of leakage, the
water matrix was spiked with a VOC,

2. A concentrated stock solution of the desired organic chemical
was prepsred in methanol.

3. The stock solution was injected into the resctor and Hilli-GQ
water was displaced. This allowed for no headspace in the system.

4. The systenm was run with the bypass loop open until 2 steady-
state concentration was realized.

S. Elapsed time for the batch test started when the bypass loop was

closed and the water began to flow through the columm.
6., Sampling from the Differentisl Columm Batch Reactor

Samples were analyzed using either the liquid-liquid extraction or the
purge and trap tecknique. See Section IXI-E for further discussion. The

techniques nsed to remove a sample for analysis are presented below.
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1. Sempling for the Liguid-Liquid Extraction Technique

8.) The 25 ml sample bottles with teflcn circles, rubber septs, and
tear—-off aluminum seals (Wheaton Scientific, Millville, N.J.) were
tared.

b.) The extraction ratio was calculated (Johnson, 1984) and the
appropriate volume of isooctane was added to the 25 ml bottle.

c.) The bottle was weighed asgain to determine the amount of
isooctane added.

d.) Samples were taken with & 5 ml syringe by displacement with a 30
ml ?yringe filled with an unspiked water matrix.

o.) To insure a representative sample was taken st an elapsed time,
& 1ml]l sample vas removed, since there was dead volume in the sample
line. Figore 5-4 describes the design of the sampling and injection
ports for the DCBR.

f£f.) The water sample was injected below the iscoctsne phase so
volatilizaclon would be minimized.

g.) Tts bottle was re-—weighed and the mass recorded. The volume of
the isooctane and water were calculated by using the densities. An
extraction ratio was also calculated.

h.) Collection of the samples were continued uvntil the organic

saturated the GAC.

2. Sampliung for the Purge and Irap Tochnigye

s8.) A 25 ml extraction bottle with a tefion circle, rubber septs,
and alominum seal were used.

b.) Samples vere taken with a 30 mnl syringe by displacement with a
50 ml syringe filled with aa usspiked water matrix.

¢.) To insure s representative sample at s givea elapsed time, a 1
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ntudik

line.

ml sample wss removed, singce thore was doad volume in the sampling
for no headspace.

d.) The agqueous sample was added to the the 25 ml bottle allowing
the GAC.

e.) Collection of samples are continued until the organic saturated
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APPENDIX 6. DIFFERENTIAL COLUMN BATCH REACTOR DATA

Table 6-1. Batch Kinetic Data for Trichloroethene and (12x4.) F—400
Carbon Using Thawed Wausau Water.

PARAMETERS:
Volume of Reactor: 4975 cnd
Initial Concentration: 1441.6 pg/L
Particle Radius: 0.05129 ¢m
Particle Density: 0.8034 glcm3
Column Diameter: 1.10 cm
Freundlich Intensity Constant: 0.4165
Freundlich Capacity Constant: 196.6 pxn/g(L/;uu)lln
Weight of Carbon Used: 0.30185 ¢
Best Fit Surface Diffusion
Cocfficient Using BESDM: 2.60 10710 /s
Calculated Film Transfer Coefficient
Using Fixed Bed Correlation: 1.50 1072 en/s
Best Fit Film Transfer Coefficient
Using BHSDM: 1.50 1072 ¢cn/s
95% Confidence Interval For
Surface Diffusion Coefficient: 2.35-2.95 10710 ¢n?/s
Solute Distribution Factor: 2.9474
Biot Number: 75.82
Stanton Number: 0.0085
Reactor Porosity: 0.99992
Temperature of Reactor: 11.0 °C
Superficial Velocity: 14.46 cn/s
Hydraulic Retention Time: 6.03 min
pH of Water Matrix: 6.93
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Table 6-1 (Continued).

Initial Concentration: 1441.7 pg/L
Carbon Type: F-400 (12x40) MuSH
Water Matrix: Thawved Wausau Vater

Elapsed Time Experimental Concentration
{minutes) {pg/L)
150.0 1032.3
210.0 952.8
270.0 886.3
330.0 849,1
395.0 814.4
450.0 772.0
525.0 732.0

1185.0 610.0

1260.0 543.1

1355.0 521.4

1425.0 500.0

1520.0 488.5

1600.0 471.3

1815.0 450.0

1920.0 439.0

2495.0 405.6

2610.0 386.5

2790.0 360.2

2970.0 343.1

3165.9 350.5

3330.0 333.6

3645.0 327.8

4055.0 314.5

4245.0 306.3

4410.0 296.8

4600.0 286.0

5505.0 293.9

5745.0 272.0

6040.0 250.2

6159.0 254.6

6905.0 264.17

6990.0 249.9

7110.0 244.1

7290.0 242.8

7530.0 241.3

7650.0 239.7

7770.0 236.5

8370.0 241.1

8490.0 237.8
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Tsble 6-2. Batch Kinetic Data for Trichloroetheno and (12x40) YV-6
Caxbon Using Thawed Vausau Vater.

PARAMETERS:
Volume of Reactor: 4920 cn’
Initial Concentration: 1241.6 pg/L
Particle Radius: 0.05370 cm
Particle Density: 0.7530 s/cn3
Column Diameter: 1,10 cm

Freundlich Intensity Constant: 0.4073

Freundlich Capacity Constant: 181.0 pn/ga./gm).’.-!ﬁ”
Weigkt of Carbon Used: 0.50304 g

Best Fit Surface Diffusion

Coefficient Using BHSDM: 2.8 10710 c»2/4
Calculated Film Transfer Coefficient

Using Fixed Bed Correlation: 1.54 1072 co/s

Best Fit Film Transfer Coefficient

Using BHSDM: 1.54 1072 co/s

95% Confidence Intexrval For

Surface Diffusion Coefficient: 2.4-3.25 10730 cn?/s
Solute Distribution Factor: 2.9450

Biot Number: 82.03

Stanton Number: 0.0077

Resctor Porosity: 0.99992
Tomperature of Reactor: 11.0 °c
Superficial Veiocity: 15.38 cm/s
Hydraulic Retention Time: 5.6 min

pH of Water Matrix: 6.93
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Table 6~2 (Continued).

Initial Concentration:
Carbon Type: WV-G (12x4

1241.6 pg/L
0) MESH

VWater Matrix: Thawed Wausau Vater

Elapsed Time

Experimental Concentration

(minutes) (pg/L)

75.0 1073.6

135.0 992.5

195.0 786.0

255.0 773.3

315.0 743.1

375.0 700.6

760.0 663.0

840.0 579.6

930.0 533.3
1050.0 508.6
1110.0 471.7
1260.0 432.8
1320.0 419.9
1395.0 411.6
1445.0 400.6
1560.0 367.0
1635.0 382.6
2370.6 366.3
2470.0 348.8
2535.0 317.8
2630.0 323.1
2710.0 313.8
2925.0 336.7
3030.0 324.2
3605.0 369.6
3720.0 319.5
3900.0 306.3
4080.0 282.4
4275.0 297.8
4440.0 274.6
4755.0 289.6
5165.0 302.0
5355.0 285.7
5520.0 264.1
5710.0 260.9
5910.0 254.6
6855.0 235.0
6965.0 210.6
7150.0 215.0
7260.0 215.4
7365.0 208.4
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Table 6-3. Batch Kinetic Data for Trichloroethene and (12x40) F-400
Carbon Using Milli-Q VWater.

PARAMETERS:
Volume of Reactor: 4970 cn’
Initial Concentration: 1322.7 pg/L
Particle Radius: 0.05129 cm
Particle Density: 0.8034 g/cm3
Column Diameter: 1.10 cm
Freundlichk Intensity Constant: 0.4165
PFreundlich Capacity Constant: 196.6 pm/g(L/,,m)lln
Weight of Carbon Used: 0.27587 ¢
Best Fit Surface Diffusion
Coefficient Using BHSDM: 3.1 10710 cp2/5
Calculated Film Transfer Coefficient
Using Fixed Bed Correlation: 2.5 1073 cm/s
Best Fit Film Transfer Coefficient
Using BHSDM: 4.51 1073 co/s
95% Confidence Interval For
Surface Diffusion Coefficient: 2.55-3.8 10°10 cmzls
95% Confidence Interval For
Film Transfer Coefficient: 2.75-10.0 10~3 cm/s
Solute Distributjion Factor: 2.8359
Biot Number: 18.14
Stanton Number: 0.0316
Reactor Porosity: 0.99993
Temperature of Reactor: 11.0 °¢
Soperficial Velocity: 1.01 cm/s
Hydraunlic Retention Time: 85.7 min

pH of Water Matrix Using
103 u Phosphate Buffer:’ 6.0
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Table 6-3 (Continued).

Initial Concentration: 1322.7 pg/L
Carbon Type: F-400 (12x40) MESH
Vater Matrix: Nilli-Q

Elapsed Time Experimental Concentration
(minutes) (ng/L)
30.0 1319.3
120.90 1141.6
210.0 1170.0
240.0 1047.4
300.0 1097.6
360.0 1048.0
420.0 913.8
1110.0 700.0
1236.0 668.7
1350.0 628.1
1470.0 661.0
1590.0 571.1
1710.0 541.8
1950.0 433.0
2520.0 442.1
2670.0 460.1
2880.0 402.1
3150.0 377.6
3270.0 351.6
4050.0 ‘ 7 352.1
4110.0 319.5
4230.0 293.9
4380.0 299.3
4440.0 287.3
4710.0 283.5
54590.0 275.3
5670.0 247.1
5790.0 225.9
6045.0 213.4
6165.0 212.2
6990.0 220.0
7275.0 206.5
7665.0 224.6
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Table 6-4. Batch Kinetic Data for Tetrachlorocethene and (12x40)
F—400Cnxbon Using Milli—Q VYater.

PARAMETERS::
Volune of Reactor: 4735 cmd
Initial Concentration: 1438.4 pg/L
Particle Radius: 0.05129 cn
Particle Density: 0.8034 g/em®
Column Diameterx: 0.6 cm
Freundlich Intensity Constant: 0.4579
Freundlich Capacity Constant: 650.6 pm/g(L/pm)1/®
Weight of Carbon Used: 0.10072 g
Best Fit Surface Diffusion
Coefficient Using BHSDM: - 4.8 10711 cp2/s
Calculated Film Transfer Coefficient
Using Fixed Bed Correlation: 6.03 1073 cnm/s
Best Fit Film Transfer Coefficient
Using BHSDM: 7.10 1073 ¢m/s
95% Confidence Interval For
Surface Diffusion Coefficient: 3.5-6.5 10711 cm2/s
95% Confidence Interval For
Film Transfer Coefficient: 4.25-100.0 1073 cm/s
Solute Distribution Factor: 4.2896
Biot Number: 46.81
Stanton Number: 0.0202
Reactor Porosity: 0.99997
Temperature of Reactor:: 11.0 °¢C
Superficial Velocity: 3.44 c¢m/s
Hydraulic Retention Time:. 81.19 min

pH of Water Matrix Using °
1073 M Phosphate Buffer: 6.0
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Table 6-4 (Continued).

Initial Concentration: 1438.4 pg/L
Carbon Type: F~-400 (12x40) MESH
Vater Matrix: Milli-Q

Elapsed Time Experimental Concentration
(minutes) (pg/L)
60.0 1421.0
170.0 1386.9
290.0 1336.9
410.0 1298.1
510.0 1299.3
600.0 1193.1
690.0 1208.1
1275.0 935.6
1380.0 883.0
1625.0 868.6
1740.0 824.3
1845.0 823.7
2055.0 715.0
2100.0 745.5
2720.0 684.3
2880.0 691.9
3000.0 706.9
3060.0 657.1
3190.0 673.5
3375.0 677.8
3450.0 520.9
4125.0 561.7
4245.0 579.3
4365.0 567.9
4510.0 608.4
4650.0 597.4
4860.0 550.0
4920.0 548.7
5¢10.0 555.8
5840.0 460.0
6135.0 458.0
7320.0 416.6
7650.0 392.35
8805.0 430.0
9049,0 420.0
10080.0 376.4
11895.0 338.2
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Table 6-5. Batch Kinetic Data for Trichloroethsne and {60x80) F-400
Carbon Using Milli-Q Yater.

PARAMETERS:

Volume of Reactor: 4975 cn’
Initial Concentration: 1329.8 pg/L
Particle Radiuns: 0.01050 cm
Particle Density: 0.8034 g/cm3
Column Diameter: 1.10 ¢m
Freundlich Intensity Constant: 0.4165
Freundlich Capacity Constant: 196.6 um/g(L/um)]‘/n

- Weight of Carbon Used: . 0.2220 g
Best Fit Surface Diffusion
Coefficient Using BHSDM: 4.3 10710 ¢n2/s
Calculated Film Transfer Coefficient
Using Fixed Bed Correlation: 2.89 1072 cn/s
Best Fit Film Transfer Coefficient
Using BHSDM: 1.4 1072 cn/s
95% Confidence Interval For )
Surface Diffusion Coefficient: 3.0-8.5 10710 cn/s
95% Confidence Interval For
Film Transfer Coefficient: 0.9-3.5 1073 cm/s
Solute Distribution Factor: 2.2719
Biot Number: 8.37
Stanton Number: 0.029
Reactor Porosity: 0.99994
Temperature of Reactor: 11.0 °c
Soperficial Velocity: 14.46 cm/s
Hydraulic Retention Time: 6.03 min

pH of Water Matrix Using
1073 M Phosphate Buffer: 6.2
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Table 6-5 (Continued).

Initial Concentration: 1329.8 pg/L
Carbon Type: F-400 (60x80) MESH
Water Matrix: MNilli-Q

Elapsed Time Experimental Concentration
(minutes) {ng/L)
5.0 1273.3
10.0 1005.9
30.0 1076.6
60.0 830.0
90.0 636.1
.110.0 684.8
130.0 480.9
150.0 ' 429.2
170.0 378.4
190.0 394.3
225.0 ‘ 455.0
300.0 279.0
325.0 252.7
350.0 236.5
380.0 222.2
405.0 255.6
455.0 204.6
475.0 200.0
500.0 182.9
525.0 174.7
550.0 171.5
600.0 172.1
700.0 182.9
750.0 195.5
800.0 168.7
850.0 161.6
900.0 167.3
1005.0 153.9
1100.0 163.1
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-‘Table 6-6. Batch Kinetic Data for Totrachloroethene and (60x30) F-400
Carbon Using Milli-Q VWater. ‘

PARAMETERS:

Volume of Reactor:

Initial Concentration:
Particle Radius:

Particle Density:

Column Diameter:

Freundlich Intensity Constant:
Freundlich Capacity Constant:
Weight of Carbon Used:

Best Fit Surface Diffusion
Coefficient Using BHSDM:

13240 cm3

.1504.0 pg/L

0.01050 cm

0.8034 g/cm3

1.0 cm

0.4579

650.6 pm/g(L/pm)1/2

0.1720 ¢

1.5 10710 ¢n2/s

Calculated Film Transfer Coefficient

Using Fixed Bed Correlation:

Best Fit Film Transfer Coefficient

Using BHSDM:

95% Confidence Interval For
Surface Diffusion Coefficient:

95% Confidence Interval For
Film Transfer Coefficient:

Solute Distribution Factor:
Biot Number:

Stanton Number:

Reactor Porosity:
Temperature of Reactor:
Superficial Velocity:
Bydraulic Retention Time:;

pB of Water Matrix Using
1073 M Phosphate Buffer:

.128

2.08 1072 cm/s

4.3 1072 ¢n/s

.

1.25-1.8 10710 cn?/s

3.25-9.0 1072 cn/s
2.5573
19.07

0.038

0.99998
11.0 °c

9.61 cm/s

24.12 min
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Table 6-6 (Continued).

Initial Concentration: 1504.0 pg/L

Carbon Type: F-400 (60x80) MESH
Yater Matrix: Milli-Q

Elapsed Time Expoerimental Concentration
(minutes) (pg/L)
10.0 1457.6
20.0 1318.9
30.0 1144.4
40.0 1136.7
50.0 1034.2
60.0 931.7
70.0 927.3
80.0 978.7
100.0 826.5
110.0 802.0
120.0 754.5
140.0 738.6
160.0 699.6 ;
200.0 591.8
240.0 533.5
270.0 516.7
300.0 467.3
330.0 465.1
420.0 378.9
480.0 351.9
540.0 380.4
600.0 300.0
720.0 287.0
840.0 242.0
960.0 233.0
1080.0 221.6
1200.0 210.7
1320.0 214.1
1440.0 221.2°




Table 6~7. Batoh Kinetic Data for Trichloroethese and (12x40) YV-G
Carbon Using Milli-Q VWater.

PARAMETERS:
Volume of Reactor: 4970 ca’
Initial Concentration: 1318.6 ug/L
Particle Radius: 0.05370 cm
Particle Donsity: 0.8034 9/cn3
Column Diameter: 1,10 cm

Freundlich Intensity Constant: 0.4073

Freundlich Capncity Constant: 181.0 un/a(L/un)lln
Weight of Carbon Used: 0.27840 g

Best Fit Surface Diffusion

Coefficient Using BHSDM: 3.3 10710 cn?/s
Calculated Film Transfer Coefficient

Using Fixed Bed Correlation: 3,10 1073 cu/s

Best Fit Film Transfer Coefficient

Using BHSDM: 3.10 1073 co/s

95% Confidence Interval For

Surface Diffusion Coefficient:  2.5-4.7 10710 ca?/s
Solute Distribution Factor: 2.5828

Biot Number: ' 14.515 i
Stanton Number: ' 4‘ 0.02050

Reactor Porosity: 0.99993
Temperature of Reactor: 11.0 °c

Supexficial Velocity: 1,03 cm/s
Hydraulic Retention Time: 85.7 =min

.pH of Water Matrix Using
103 M Phosphate Buffer: 6.0
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Table 6-7 (Continmed).

Initial Concentration: 1318.6 pg/L
Carbon Type: WV-G (12x40) MESH
Vater Matrix: Milli-Q

Elapsed Time Experimental Concentration
(minntes) (pg/L)
30.0 1271.8
90.0 1265.8
120.0 1175.6
180.0 1110.7
240.0 1054.7
300.0 932.4
360.0 909.3
420.0 857.6
510.0 802.9
1320.0 642.3
1440.0 555.8
1560.0 484.2
1860.0 461.3
1950.0 444.8
2820.0 394.6
3240.0 346.9
4320.0 346.6
4620,0 324.2
5670.0 323.1
6120.0 . - 284.7
7260.0 274.6
7680.0 255.1
8490.0 235.4
£.000.0 227.5
10410.0 215.5
11610.0 217.2
13410.0 234.3
14430.0 207.5
16140.0 198.5
17460.0 190.7
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Table 6-8. Batoh Kinetic Data for cis~1,2 dichloroethene and
(12x40) F-400 Carbon Using Milli-Q VWater.

PARAMETERS:
VYolume of Reactor: 13050 cmd
Initial Concentration: 507.0 pg/L
Particle Radius: 0.05129 cm
Particle Density: 0.8034 9Icn3
Coluom Diameter: 1.10 ¢cm

Freundlich Intensity Constant: 0.5616

Freundlich Capacity Constant: 51.0 unlg(L/uﬂ)lln
Weight of Carbon Used: 0.4537 g

Best Fit Surface Diffusion

Coefficient Using BHSDM: 2.7 1079 cm?/s
Calculated Film Transfer Coefficient

Using Fixed Bed Correlation: 1.53 1072 cn/s
Best Fit Film Transfer Coefficient

Using BHSDM: 3.00 1072 cn/s
95% Coenfidence Interval For

Surface Diffusion Coefficient: 1.7-5.1 1072 ca?/s
95% Confidence Interval For 2

Film Transfer Coefficient: .85-100 10 “ cm/s
Solute Distribution Factor: 0.85881

Biot Number: 28.72

Stanton Number: 0.02660

Reactor Porosity: 0.9999%6
Temperature of Reactor: 12.0 °C
Superficial Velocity: 12.1 cn/s
Hydraulic Retention Time: 19.0 min

pE of VWater Matrix: 6.3
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Table 6-8 (Continued)..

Initial Concentratiom: 507.0 pg/L
Carbon Type: F-400 (12x40) MESH
Water Matrix: Milli-Q

Elapsed Time Experimontal Concentration
(minntes) (ug/L)
30.0 460.7
90.0 430.6
120.0 442.9
180.0 433.4
240.0 391.9
300.0 387.2
360.0 343.6
660.0 272.8
720.0 297.7
1335.0 312.9
1675.0 263.1
2040.0 257.7
2910.0 268.8
3180.0 ‘ 278.2
4410.0 228.5
4870.0 226.0
6095.0 225.0
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Table 6-9. Batch Kinotic Data for Toluonmo and (12x40) F-400 Carbon
Using Mil11i-Q Vater.

PARAMETERS:
VYolume of Reactor: 13160 ca’
Initial Conceantrstion: 373.4 pg/L
Particle Radius: 0.05129 cm
Particle Density: 0.8034 9/cm>
Column Diameter: 1.10 e

Freundlich Intensity Constant: 0.3282

Freundlich Capacity Constant: 475.0 pn/s(L/;m)lln
Weight of Carbon Used: 0.1600 g

Best Fit Surface Diffusion

Coofficient Using BHSDM: 1.8 10”2 cn?/s
Calculated Film Transfer Coefficient

Using Fized Bed Correlation: 1.48 1072 cn/s

Best Fit Rilm Transfer Coefficient

Using BHSDN: 0.7 1071 ca/s

95% Confidence Interval For

Surface Diffusion Coofficient: 1.50-2.25 10 %cn?/s
Solute Distribution Factor: 1.4111

Biot Number: 133.5

Stanton Number: 0.0134

Reactor Porosity: 0.99999
Temperature of Reactor: 13.0 °c
Superficial Velocity: 14.02 cn/s
Hydraulic Reteation Time: 16.45 min

pH of Water Matrix: 6.3
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Table 6-9 (Continued).

Initial Concentration: 372.4 pg/L
Carbon Type: F-400 (12x40) MESH
Water Matrix: Milli-Q

nimdt

Elapsed Time Experimental Conceantration
(minutes) (ug/L)
60.0 365.0
90.0 316.4
122.0 309.8
180.0 224.4
240.0 214.0
300.0 209.0
360.0 191.9
485.0 174.6
570.0 162.8
690.0 159.0
820.0 156.4
1275.0 160.2
1545.0 154.3
1995.0 132.2
2225.0 98.3
3140.0 85.6
4260.0 76.5
4700.0 65.0
5820.0 64.0
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APPENDIX 7. MNULTICOMPONENT DIFFERENTIAL COLUMN BATCH REACTOR
DATA AND RESULTS

Seven components which were found in the original fresh Wausau Water were
trichloroethene, tetrachloroethene, cis—1,2 dichloroethene, toluene,
ethylbenzene, m—-xylene, and o—-xylenme. A seven component equilibrimom
calculation using ideal adsorbed solution theory (IAST) was compared to a five
component equilibrium calculation for trichloroethene, tetrachloroethene, cis—
1,2 dichloroethene, toluene, ethylbenzene. Luft; 1984, developed the
algoritum that was used in the IAST calculations. The initial concentrations
for the m-xylene and o—xylene were 5.0 pg/L and 5.6 pg/L, respectively. At
these low concentrations, the seven component and five component equilibrium
concentrations were nearly identical., Therefore, a five component batch pore
and surface diffusion calculation was conducted for the prediction of the
pulticomponent Wausau water matrix because difficulties arose when the seven

component model wir attempted.
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Table 7-1. Batch Kinetic Data for the Multicomponent Run and”
(12x40) F-400 Carboa Using Fresh Wausau Water.

Carbon Type: F-400 (12X40) MESH
Water Matrix: Fresh Wamsau Water
Date: 1/10/85

Elapsed Time Experimental Concentrations
(minutes) (ug/L)

DCE TCE PCE TOL EB
0.0 74.6 42.4 32.8 13.5 5.0
410.0 64.0 38.0 28.0 11.0 5.0
1910.0 58.0 28.0 13.0 5.0 4.0
3465.0 46.0 22.0 14.0 2.0 ND
4587.0 22.0 19.0 12.0 ND ND
5727.0 18.0 12.0 8.0 ND ND

ND were not detected using the Hewlett-Packard 5840A with Purge
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Table 72 Cmpanent smd System Parmmsters for the Malticaspanoat Fresh %a
Yater Rm Using (123400 F400 Curbom

BFONENTS: 204 T ME T 5.1
CCBFONENT PARASETERS:
Initisl Conceptration: /L Q7659 o327 01578 Q1448 1,758
Fremndlich Intensity Coostant(l/n) Q5562 04328 Q3850 03282 Q2553
Frewndlich Qp-i}tr Camstant; 46.9 192.0 435.0 £15.0 714.5

£ wg/m®
Qulculated Sarface Diffusion
Ca{si:i?: Using Equation VIXI~13 N
10 % s 6.55 0.832 0.318 0.1547 0.C374
Calculated Fila Trxnsfer
Coefficimt Using Fixed Bed
Carrelation; 10 ca/s L5 1.64 1.3 15 1La
Biot Nowber (besed an pors
and surface duffusion) ;

(Dmensioniess) .4 25,24 30.33 30.45 3.1
Stanton Naxber;

(Dimenssmiess) 0.00318 0.0029% 0.0027%6  0.002720  0.002sS8
Pore Diffusice
Coe{f ic ient:

10° cmd/s 1.79 6.85 6.17 6.03 550
SYSIEM PARAMETERS:
Reactar Porosity: 0.99999
Tesperature of Reactors °C n.o
Saperficial Velocity; av's i5.0
Bydnaulic Retention Timw; min 15.4
i of Yater Matrix: 6.85
Yoloms of Rexcton o 131500
Particle Badive om 405129
Partxcle Dmsity; g/ad asm4e
Colom Disweter: cm 1.1

ht of Carbwn Used: g 0.13@

138 -



Table 7-3. Comparison of the Multicomponent Fresh Wausau Water Data
and the Predicted BPSDM Calculationms.

MODEL PREDICTION vs. DATA

RESULTS FOR CIS-1,2 DICHLOROETHENE

TIME(d im) CONC(data) CONC(pred) RESIDUAL

410.000 8579 .9738 13.51244
1910.000 .7175 .9488 22,02802
3465.000 .6166 .9338 51.44782
4587.000 .2948 .9259 ° hbdd il i
5727.000 .2413 .9194 bbbl bl b

FMIN BASED ON 5§ DATA POINIS: FMIN = 178.94372

RESULTS FOR TRICHLOROETHENE

TIME (d im) CONC(data) CONC(pred) RESIDUAL

410.000 .8962 .9098 1,51885
1910.000 .6604 .8222 24.51027
3465.000 .5187 .7562 45.77514
4587.00C .3551 L7179 s5ssssss
5727 .000 .2829 .6837 bl b ddd

FMIN BASED ON 5§ DATA POINITS: FMIN = 91.09805

RESULTS FOR TETRACHLOROETHENE

TIME(d im) CONC(data)  CONC(pred)  RESIDUAL

410.000 .8534 .7478 sesscses
1910.000 .5485 .5373 -2.05477
3465,000 .42617 .4018 -5.82380
4587.000 .3660 .3388 ~7.43914
5727.000 .2437 .2903 19.12429

FMIN BASED ON 5 DATA POINIS: FMIN = 12.37352

139



ol

Table 7-3 (Continued). Comparison of the Multicomponent Fresh Wausau Water
Data and the Predicted BPSDM Calculations.

RESULTS FOR TOLUENE

TIME(dim) CONC(data) CONC(pred) RESIDUAL

410.000 .8150 .6359 sssnsnse
1910.000 .3706 3674 -.88960
3465.000 .1481 .2277 53.72225
4587.000 .0000 .1758 hbddad bl
5727.000 .0000 «1403 sonssnss

FMIN BASED ON 5 DATA POINIS: FMIN = sssssssses

RESULTS FOR ETHYLBENZENE

-t

TIME(dim) CONC(data) CONC(pred) RESIDUAL

410.000 1.0000 .6434 sessssen
1$10.000 . 8004 .0549 RYTTIYr™
3465.000 .0000 .0496 s sss
4587.000 .0000 .0351 sssssees
5727.000 .0000 .0265 sssssses

FMIN BASED ON 5 DATA POINIS: FMIN = ®sésssess
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APPENDLIX 8. SAMPLE INPUT AND OUTPUT FILES FOR USE WITH THE BHSDM AND THE BPSDM

The purpose of this appendix is to acquaint the potential user with the
BHSDM and the BPSDM. The samplie run used here is presented in figure VI-1.
This appendix is brcken into two parts: the BHSDM and the BPSDM sample runs.
The procedure is set up in the fol lowing manner:

1. MAPPING ROUTINE
2. INPUT DATA FILE
3. PROGRAM RUNSTREAM
4. OUTPUT FILE

A. The BHSOM Samplie Run

1. The ccmputer code for the BHSDM3 (three component batch homogeneous
surface diffusion mcdel) along with code for the program GEAR were presented
by Friedman (1984). The fol lowing mapping routine was used to create the

absolute and relocatable elements for the BHSDM3 program.

EFTN,G BATCH*S.BHSDI3
8MAP,E ,BATCH*S.BHSDM3
{N BATCH*S.BHSDM3

iN BATCH*S.GEAR1Z

LiB MTUX*FTH.

END

2. This was the input data for the BHSDM3 program:

$DATA,
DS = 3.1E-10,

KF = 4,5E-3,

€80 = 10.06,

XK = 196.6,

XN = 4163,

RAD = 0.05129, RHOP = 0.8034,VOL
£PS = 1.0E-4, DHO = 1.0E-5, NCOL
DTO = 0.0, DSTEP = 0.5, DTOL = 800
DOUT = 0.5, NM = 3,
T1E=50.0,500.0,1000.0,

TINC= 10.0,25.0,100.0,

NDATA=34, NOOMP=1,

3END

30.0 10.04

120.0 8.69

210.0 8.91

240.0 7.97

4970.0, WT = 0.27587,
2,
0.

o,
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2. Input Data Continued

300.0 8.35

360.0 7.98

420.0 6.95

1110.0 5.33
1230.0 5.09
1350.0 4.78
1470.0 5.03
1590.0 4.35
1710.0 4.12
1950.0 3.30
2520.0 3.36
2670.0 3.50
2880.0 3.06
3150.0 2.87
3270.0 2.68
4050.0 2.68
4110.0 2.43
4230.0 2.24
4380.0 2.28
4440.0 2.18
4710.0 2.16
5490.0 2.10
5670.0 1.88
5790.0 1.72
6925.0 1.63
6045.0 1.62
6165.0 1.61
6990.0 1.67
7275.0 1.57
7665.0 1.71

3. The runstream was set up in the following manner:

BSUSPEND
O@ASG,A BATCH*S,
BASG,T 4.
6ASG,T 8.
8ASG,T 7.
EDATA, IL 4.
@ADD, PD BATCH*S.|F400/TCE
EEND
€DATA, ! 8.
8ADD, PD BATCH*S.10COL
EEND
€XQT BATCH*S.BHSDM3
€ooPY, | 7.,BATCH*S.0UT
EPRT,L BATCH*S.0UT
ERESUME, E
LOC FMIN
EXI
BED, U BATCH*S,IF400/TCE
2
The collocation constants (10COL) were determined by Friedman (1984).

W
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4. The abbreviated output file for the BHSDM3 is shcwn belcw:

NUMBER OF COLLOCATION POINTS, NCivivrevsaoss = 10

TOTAL NO. OF DIFFERENTIAL EQUATIONS, NEQ.... = 1

MASS OF ADSORBENT, WT (GRAMS).¢cuiiversnnones = .27587+000

YOLUME OF REACTOR, VOL (CM*%3).....00v00vees = .49700+004

VOID FRACTION OF REACTOR, ECMBR (DIM.)uu.uus = .99993+000

RADIUS OF ADSORBENT PARTICLE, RAD (CM).,.... = .51290-001

APPARENT PARTICLE DENSITY, RHOP (GM/CM%x3)., = . 803404000

ERRCR CRITERIJA FOR INTEGRATION, EPS (DIM.).. = . 10000-003

INITIAL INTEGRATION STEP, DHO (MIN).uveveusn. = .10000-004

INITIAL OUTPUT TIME, DOUT (MIN).sieeenveeees = .50000+000

TOTAL RUN TIME, DTOL (MIN)eeveeerennensannes = .£0000+004

PARAMETERS FCR COMPONENT i
INITIAL BULK CONCENTRATION, CBO (MMOL/L)..... e = .10060+002
FREUNDLICH 1SO. CAP., XK (MMOL/GM)/(L/MMOL)**XN = . 19660+003
FREUNDL ICH 1SOTHERM EXPONENT, XN (DIM.)..ee.... = .41630+000
SOLUTE DISTRIBUTION PARAMETER, DGS (DiM.)...... = . 28359+001
SURFACE DIFFUSICN COEFFICIENT, DS (CM¥%2/SEC).. = .31000-009
FILM TRANSFER COEFFICIENT, KF (CM/SEC).e.een.. . = .45000-002
HOMOGENEOUS B1OT NUMBER, BIS (DIM)veeivensenes = -18138+002

MODEL PREDICTION

ITP  TIME(min)  C(1)/CO(1)
1 © .50 .999455
2 1.00 .998910
3 1.50 .998365
4 2,00 .997821
5 2.50 .997277
6 3.00 .996734
7 3.50 .996191
8 4,00 .995650
9 4.50 .995108
230 7400.50 . 149490
231  7500.50 . 147937
232 7600.50 .146424
233 7700.50 . 144951
234 7800.50 . 143516
2355  7900.50 .142114
236  8000.00 . 140754
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4. Output File Continued

MODEL PREDICTION vs. DATA

RESULTS FOR COMPONENT 1

TIME(dim) CONC(data) CONC(pred) RES1DUAL

30.000 . 9980 . 9686 -.02947
120.000 . 8638 . 8893 .02949
210.000 . 8857 . 8268 -.06647
240.000 »7922 . 8087 .02074
300.000 . 8300 7755 -.06568
360.000 « 7932 .7458 ~-.05984
420.000 .6909 .7188 .04052

1110.000 .5298 .5184 -.02165
1230.000 .5060 .4952 -.02136
1550.000 . 4751 + 4739 -.00255
1470.000 .5000 . 4544 -.09114
1590.000 4324 . 4364 .00932
1710.000 . 4095 .4199 .02517
1950.000 .3280 .3902 .18950°
2520.000 .3340 .3337 -.00101
2670.000 .3479 3213 -.07636
2880.000 .3042 «3055 .00434
3150.000 .2853 .2872 .00684
3270.000 . 2664 . 2798 ,05023
4050.000 . 2664 . 2393 -.10177
4110.000 .2416 . 2366 -.02033
4230.000 . 2227 L2316 .03991
4380.000 . 2266 + 2255 -.00512
4440.000 « 2167 « 2231 .02976
4710.000 .2147 .2132 -.00696
5490,000 . 2087 . 1892 -.09388
5670.000 . 1869 . 1844 -.01323
5790.000 1710 .1614 .06085
6925.000 .1620 -1575 -.02814
6045.000 .1610 <1753 08862
6165.00C . 1600 . 1726 .07848
6990.000 . 1660 .1563 -.05836
7275.000 . 1561 .1515 -.02922
7665.000 . 1700 . 1455 -.14417

FMIN BASED ON 34 DATA POINTS: FMIN =  6.42623
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8. The BPSDM Sample Run

1. The computer code for the BPSDM3 (three component batch pore and
surfece diffusion model) along with code for the program GEAR were presented
by .-Friedman (1984). The fol lowing mapping routine was used to create the
absolute and relocatable elements for the BPSDM3 program.

@FTN,G BATCH*PS.BPSDM3
€MAP,E ,BATCH*PS.BPSDM3
IN BATCH*PS.BPSDM3

IN BATCH*PS.GEAR40

LB MTU*FTN.

END

2. This was the input data for the BPSDM3 program:

SDATA,
= 3.1E-10,

KF = 4.5E-3,

CBO = 10.06,
OP=6.43E-6, EPOR=0.641,
XK = 196.6,

XN = .4163,

RAD = 0.05129, RHOP =
EPS = 1.0E-4, DHO = 1.
DTO = 0.0, DSTEP = O.
DOUT = 0.5, NM = 3,
TI1E=50.0,500.0, 1000.0,
TINC= 10.0,25.0,100.0,
NDATA=34,NCOMP=1,
&END
30.0 10.04

0.8034,V0L
0E-5, NCOL
5, DTOL = 800

4970.0, WT = 0.275817,
2,
0.

0,

.Data Same.
.a8s BHSDM .

7665.0 1.71
3. The runstream was set up in the following manner:

@SUSPEND
@ASG, A BATCH¥PS.

6ASG, T 4.

@ASG,T 7.

@ASG,T 8.

€DATA, IL 4.

@ADD, PD BATCH*PS. IF400/TCE
GEND

EDATA, | 8.

@ADD, PD BATCH¥S.1000L

END

EXGT BATCH*PS.BPSDM3
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NUMB

TOTAL NO. OF DIFFERENTIAL EQUATIONS, NEQ....

MASS
YOLU

YOID FRACTION OF REACTOR, ECMBR (DIM.)......
VOID FRACTION OF ADSCRBENT, EPOR (DIM.).....

RAD!

APPARENT PARTICLE DENSITY, RHOF (GM/CM%*3).,
ERROR CRITERIA FOR INTEGRATION, EPS (DIM.)..

INIT

INITIAL OUTPUT TIME, DOUT (MIN)eivveenennans
TOTAL RUN TIME, DTOL (MIN)veveveeennnceonsnns

3. Runstream Continued

€COPY, | 7.,BATCH*PS.0UT
€PRT,L. BATCH*PS.0UT
ERESUME, E

LOC FMIN

EX|

€ED,U BATCH*PS.|F400/TCE

4. The abbreviated output file for the BPSDM3
ER OF COLLOCATION POINTS, NCivevervessen
OF ADSORBENT, WY (GRAMS) ievisvsscecsens
ME OF REACTOR, VOL (CM**3),......c000u0.

US CF ADSORBENT PARTICLE, RAD (CM)......

IAL INTEGRATION STEP, DHO (MIN).........

PARAMETERS FOR COMPONENT 1

1P

s s O OSSNV S W) -

230
231
232
233

INITIAL BULK CONCENTRATION, CBO (MMOL/L)..euv...
FREUNDLICH 1S0. CAP., XK (MMOL/GM)/ (L/MMOL)**XN.
FREUNDCL ICH ISOTHERM EXPONENT, XN (DIM.).........
F1LM TRANSFER COEFFICIENT, KF (CM/SEC)..... ceeen
SURFACE DIFFUSION COEFFICIENT, DS (CMx*%2/SEC)...
SURFACE SOLUTE DIST. PARAMETER, DGS (DiM.)......
PORE DIFFUSION COEFFICIENT, DP (CM%*2/SEC),.....
PORE SOLUTE DIST. PARAMETER, DGP (DIM.)....v....
SURFACE & PORE DASED BiOT NUMBER, BIC (DIM.)....

MODEL PREDICTION

TIMEWmin)  C(1)/CO(1)
.50 . 999455
1.00 .998910
1.50 .998365
2.00 .997821
2.50 .997277
3.00 .996734
3.50 .996192
4.00 . 995650
4.50 .9951073
7400.50 . 152406
7500.50 . 1508682
7600.50 . 149398
7700.50 - 147950
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is shown below:

10

11
.27587+000
.49700+004
.99993+000
.64100+000
.51290-001
. 803404000
. 10000-003
.10000-004
.50000+000
. 80000+004

.10060+002
. 19660+003
.41630+000
.45000-002
.24500-009
.28359+001
.64300-C05
.44284-004
. 162784002
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4. Output File Continued.
MODEL PREDICTION vs. DATA
RESULTS FOR COMPCNENT 1

TIME(d im) CONC(data) CONC(pred) RES IDUAL

30.000 «9980 . 9638 -.02931
120.000 . 8638 . 8903 .03063
210.000 . 8857 . 8281 =.06501
240.000 «7922 . 8100 .02240
300.000 . 8300 .7768 -.06417
360.000 » 7932 . 7468 -.05849
420.000 .6909 7197 .04170

1110.000 .5298 «5167 -.02474
1230.000 .5060 . 4934 ~.02493
1350.000 . 4751 .4720 -.00658
1470.000 .5000 .4525 -.09509
1590.000 .4324 4344 - .00471
1710.000 . 4095 . 4179 .02034
1950.000 .3280 .3883 .18387
2520.000 .3340 3324 -.00478
2670.000 3479 « 3203 =.07945
2880.000 .3042 «3047 .00170
3150.000 . 2853 . 2868 .00527
3270.000 . 2664 . 2795 .04913
4050.000 . 2664 . 2400 -.09927
4110.000 .2416 . 2374 -.01729
4230.000 . 2227 . 2324 .04381
4380.000 . 2266 . 2265 -.00059
4440.000 . 2167 . 2242 .03478
4710.000 .2147 .2146 -.00066
5490,000 . 2087 . 1911 ~-.08434
5670.000 . 1869 . 1865 -.00192
5790.000 1710 . 1836 .07366
6925.000 .1620 . 1602 -.01112
6045.000 . 1610 . 1776 .10317
6165.000 . 1600 . 1750 .09354
6990.000 . 1660 . 1581 -.041€0
7275.000 . 1561 .1544 -.01079
7665.000 . 1700 . 1485 -.12658

FMIN BASED ON 34 DATA POINTS: FMIN = 6.33310
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