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ABSTRACT

Activbted carbon adsorption {13 the most widely considered
process for the removal from drinking water oF‘Iow level toxic chemicals
as well as meny other orgsnic substances. The adsorption of these
compounds involves complex competitive interéctlons which are not well
understood, however, they are crucial to the design of safe and cost
effective adsorbers. To obtain a better understanding oF_compet}tlve
adscrption ms observed I(n water treatment adsorbers at the time of a
toxic spill, a three part study w&s conducted with a }epresentative
bisolute mixture. The mixture consisted of a toxic chemical

(l.i,2~trichloroethane (TCEA)) and the naturally occurring organic
substances from a northern river considered as aa aingle éompound and
“measured as Total Organic Carbon." .

The first part of this study consisted of single solute
adsorption and desorption experiments as well 4ds bisolute equilibrium
exper iments, The adsorption of TCEA was found to be completely
reversible, . while that of the background organics was virtually
Ir;everslble. -The bisolute experiments showed that the backgroundl
organics substantially decreased the adsorption capacity of TCEA, while
the adsorption capacity of the bgckground organfcs was only marginally
reduced by the presence of TCEA. The predictive multisolute {sotherm
models {n the literature could not de;crlbe'the experimental data. Two
othe‘: models, which assume that a fraction of the adsorptfon does not
Involve competition, ‘were found to_peicribe the dataxsuccessfully.

The second part of tq&g sfudy investi{gated the rates of
adsorption from one-adscorbate and two-adsorbate solutions. The data of
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both single adsorbate kinetic experiments were described very well by
the homogeneous surface diffusfon model. \The adsorption of the
background organics was very slow, yet {t was not necessary.tc utfilze
separate terms for the slow and rapid adsorption mechanisms. All of the
adsorption occurred by the slow mechan|sm. The slow adsorption
phenomenon, which 13 suspected to occur in very small pores, appears to
be related~ to the 1{irreversible adsorption observed during equilibrium
sfudles. The background organfcs that adsorbed by the slow mechanism
were virtually not desorbable, .whlle TCEA which adsorbed completely
reverslbly.ldld not show any slow adsorpt!oh during the kinetics. As
expected from the large difference In the IQaluea of the diffusion
coefficients, to properly model the blsolute batch kinetic exper imental
" data, diffusional Interactions such as-cross diffusion te;;s had to be

5
Included. S

The third part of this Investigation iwés a column .study
Involving six different phases, each with a different feed solution.
The resuits were consistent with the equflibrium p#edfctions. Phase 1V
showed that an expected and potenflally-dangerous large scale desorption
of prevlouslyl adsorbed tox!ic organics, caused by a 2;b$tantlal Increase
fn the feed background organics, did not occur. The elution of fCEA
actual iy decreased, probably due to‘crqps dlffuaional fnteractions. 'Th;
column experiment also confirmed that due to compeéltive lnteraétions
and to the Increaslﬁg loading of background orgaﬁk§? on the carbon with

time, the adsorbers. became substantially less engctlve at treating

toxic spllis as the operation cycle proceeded. °
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CHAPTER ONE

INTRODUCTION
Y
Symons et _al (1975) reported on a survey which found that water
supplies throughout the United States contained & wide variety of toxic
organics present fn ug/s levels., The sources of these organics are
partially treated wastes, leaching toxic dumps, toxic spills and the
byproducts of chlorlnation at @er treatment piants. This has resulgd
in 8 variety of research projects on the quality of drinking water. by
moleyTng treatment schemes and using addltional treatment processes.
Activated carbon adsorbers are the most widely consideredfaddltlonal
treatment Process because they can conpletely remove a very wide variety
of organics. The mafn _disadvantage of this process and its alternatives
is thelr high cost and uncertalnty with regards to removal conslstency
Tﬁus the cost efficlent design of ~adsorbers Is of utmost

inﬁortance. The design of Sdsorbers s complex due to the non ‘steady
state nature of the process. and thereFore it Is generally based on a
imfted nurber oF pilot scale tests which .are  expensive and time
consuming. AIternatIve!y. mthemutlcal mode s’ calibrated by relatlvely
simpie batch experfmenta. can be used to simulate’ ajl posslble designs
| and '~operatlng cqﬁdltloﬁs; Thus. mthcmatlcal modeling Ean be used to
substantially reduce the cost of constructing and operaflng adsorbers.
' Narbaltz and Benedek  (1983) showed ina reFinery wastewater application
: . . . L



sz
that a conventional deslgn was 40 percent more expensive than the
optimal design tidentified by mathematical modeling. Present modeling
copabllitles are mostly Ilmited to_ the wusze of single water quality
parameters, while most waters contal% many contaminants. Thus the most
common  approach 1n modeliing column  adsorbers 1{s to use lumped
parameters, such as Total Organic Carbon (70C).

A relétlvely short time after the column starts operating, some
individual contaminants such as chloroform may start appearing in the
effluent. Eventually, the effluent concentration of this compound
exceeds that of the {nfluent. The dlsplacement of this conpoUnd from
the carbon 1s generally called a chromatogrephlic effect. In this case,
the chromatographic effect s caused by the time dependent
reequillgﬁatlon <process ' on the activated carbon which involves the
competitive adsorption of the specific compound and other more strongly
adsorbed organics. The occurrence ' of chromatographic effects which
frequently would be unnoticed by the monitoring of lumped parameters,
demonstrates the great need for multicomponent modeling for realistic
cost fffléient design methodologies.

As described in detail ”}n thé next chapter, research on
multicomponent adsorption has beén almost exc\usively 1imited to
millimolar céh;entrations‘ of very similar compounds. However, water
" treatment plant quorbers myst remove a very wide varietf of vastly
different 6rganlcs. The most prevalent are the naturally occurring
backgfoﬁnd organics (humic substances), yhlch are present In all water -
sources. —Afthough these organics are harmless, Hurin qﬁd Snoeyink

(1979) showed that they are extremefy lmportant'bécause they compete

with the toxic organics for the adsorption sites and significantly
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3
reduce the capacity to remove toxic organics. In addltlon.lin water
treatment plants using pre-chlorination, some of these natural organics
react to form trihalomethanes, which are toxlc.

The goal of this thesis s to model and predict the performance
of a water treatment adsorber treating a water source contaminated by a
toxic sptll. This study will consider the contaminated water as a binary
mixture of 1,1,2-trichloroethane, wused as & model toxic compound, and
the natural organics from a Northern Ontario river measured as TOC to
Facil}tate the modeting. This represents one of the first attempts to
use competitive adsorption modeling on a practical case, and It 13 hoped
that it will lead to Improved designs.

This Qork consists of the two basic types of experiments
required for the modeling of adsorbers: equilibrium and rate studies.
They will include fndividual solute and bisolute equilibrium experiments
to determine the maximum adsorptive capacities and the competitive
effects. Various competitive equilibrium models from the |iterature, as
well as a new.emplrlcql model, will be asse;Bed for this particular
bisolute mlxgnf;. Single solute.and bisolute rate tests will be used tb
investigate -and céleraEi adsorption Einetic_ models which fnclude
diffusional finteractions. The resu\t of this .study is a genefal
;dsﬁrption model for the prediction of -water. treafment adsorbers

performance when treating contaminated watefs.



CHAPTER TwWO

LITERATURE REVIEW

2.1 INTRODUCTION
Activated carbon has been in use for many years thus there s a
great deal of literature on this subject. This survey of the literature
will be limited to very specific subjects which are relevant to the
“goals oF‘thIs study: modeling the adsorption of a toxic chemical tn
competition with natural background organics. The literature will be
reviewed In three parts: mathematical modeling of adsorption,
characteristics of background organfcs and- the adsorpﬁlon of background
‘organlcs. The first section will review‘ the adsorption modeling
literature concentrating on multicomponent applications. The second
section will briefly discuss the main characteristics. of humic
substances, which are tﬁe main constltuénts of the organics present in
water sources. The Final section will survey studies on the storptlon
of humic substances, fn equilibrium and column experiments, as well as
their modeling. This section will also discuss the limited inFormatloﬁ
presently dvailable on competitive adsorﬁt[on involving huﬁic
substances.
For reviews on the manufacfure. physlcal and surface
characteristics, ‘and other applications the reader 1s referred to
Mattson and Har:k {1971) and Hassler (1967).
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2.2 ADSORPTION MODEL ING

The model fng of any .sdsorpfion process requires two types of
Information: equillbrium and kinetic data. The former describes the
max imum adsorption capaélty of the adsorblng material. The latter
describes the rate at which the process reaches equilibrium, With the
above data, one can Formulgte mathemat ical models to describe adsorption
processes such ss column adsorbers.

2.2.1 Equilibrium Studies and Equilibrium Models

Equilibrfum studies and the models describing their resulfs are
called (sotherms because these studies are carrfed out st a constant
temperature. The experiments are performed by contacting the solution
of fInterest In a set of bottles with different masses of activated
carbon (or adsorbent) until equilibrium fs reached. At that tlme.lthe
solution 1s separated from the carbon and it 1s analyZed for the
contaminant(s) In question. The experiment thus ylelds the equilibrium
liquid phase conCentratIons\~as a function of carbon dosage. To
eliminate the influence of the initlal solute concentration, the data (s
general ly presented as surface or solid phase concentration (obtain;d by
a mass balance) as a function of liquid phase concentration. This
relatlo;'nshlp is also called the fsotherm, and it s described by
regressing the observed data to a mathemat cal mpdel. There are two
ma!ﬁ types of models: single soclute models and multicomponent models.
The safngle solute models are used to describe the adsorption of an
individual . compound or the adsorption of complex mixtures of compounds

a4
described In terms of a gross organic parameter such as TOC or chemlical

oxygen demand (COD). The tlatter 6pproach has been used to describe many

water and uaétewater applications. Multicomponent models are used to

LS
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6
descr{be multisolute equllibrium experiments In terms of an indlvidual
expression for each of the most important solutes.

Peel and Benedek (1980a) found that batch Isotherms requlired
substantially Iongef to reach equilfbrium than previcusly thought. They
observed that periods Of a month or longer were required to achieve
equvllbfium for o-chlorophenol lﬁ contacf with granular activated carbqn
(GAC).. Fligure 2.1 shows the carb&n loading in a GAC fsotherm as a .
Fuéétlon of time. Powdered activated carbon (PAC), which adsorbs faster
fdue to the smaller: pafticle radius, requlred é week to reach
‘equilibrium, while research previously reported 1{n the |fterature
:generally allowea.up to 8 hours to achieve equilibrium. The adsorption
of phenol shoged a slightly Fastgr rate of adsorption, but the effect ls
atilt- sfgnlflcaAt. Peel éna Benedek.i therefore, speculated that
isotherm duration is the main reason for the large dlfFerenEes reported
.in the Iiferature for phencl isotherms using Calgon”s Filtrasorb F-;OD.
Thus it p;obably led 'fo substantial underestimation of llsotherm

adsorption capacity in many applications:

2.2.2 Single ngggnént Isoctherm Models

Thg most common classes of isotherms are shown fn Figure 2.2 and

they can be represented by: N

Lie . - | (2.1)

1) linear ) q=

{1)irreversible g = L ° ‘ R (2.2)
¥ {1{)favourable q = g{c), @ '<0 :(2‘3)

Ivjunfavourable q = g(c), 9°">0 o (2.4)

. v

"where q = equilfbrium solid phase concentration, grams of solute / g of

carbon;

Cc = qullibrium llquidlphase solute concentration, 9/tm3;
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FIGURE 2.1 Apparent o-chlorophencl Loadhhg as a Fthtion of Time
for GAC. (after Peel and Behedek (1980a)) D
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CFIGURE 2.2° Comnon Types of Isotherms In Aqueous Systems.
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L = a constant; and,
g = a mathematical expression.
Linear I{sotherms are the boundary between favourable and
unfavourable Isotherms. The definition of favourablte and unfavourable
pertains to the concentratlion profile within column adsorbers. The

s
favourable sotherm produces a constant sfze mass transfer zone.'; The

N

unfavourable lsotherm results 1in a continually expanding mass ﬁr;na?er
zone and In this way 1t utlllzes the adsorption capaclty ineFFIé\ently.
The Irreversible {sotherm is a speclial cése of the favourable [sotherm.
The most commonly used expressions to describe fsotherms are the
Langmdlr Isotherm and the Freundlich Isotherm. The Langmulr ekpresslon'
can be derived theoretically from kinetic and thermodynamic approéches.
assuming all the adsorption sites havelfhe séme energy of adsorption,
that the adsorbeq molecules are Inmobile and that no Interactions occur
between adsorbed molecules. These assumptions result in a mﬂklmum

adsorbtlon capacity equal to 8 monolayer coverage. The Langmuir

{sotherm model equals

. Q= ———mmee : “{2.5)
. o l+b-*¢c

where QN moholayer adsorption capacity, g/g o? carbon; and,

b = energy constant, cmslgf /‘ .

The fact that léotherm results can be described by the Langmuir
model. does not mean the adsorption mechani sms fnvolved are those“
described by this model. As shown by Sweeney g§_§1f(1982)130me data can
be,vfitted yell by both. Langmuir. and Fféundlich‘isofherms. and this

second f{sotherm Is assoclated with an exponent i al dlstribution of .

adsorptfon energies. This mode] has Been“shoﬁn to Fit some Isotherms |
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{Weber and Morrls (1964)), but In general, its applicability 1s limlted
tol small concentration ranges. Thus, a3 pshown by Razzaghi (1976) the
results of one experiment may be described by dIFFerent tangmuir models
over different regions.

The majority of liquld—sofid adsorption eystems can be descr!bed
by the Freundlich model, probably due to the heterogeneous nature of
activated carbon. .Tﬁe expresefon of thls model is |

g=k N {2.6)
_weere k and n are constants.
Fritz (1978) and others found that a single Freundlich isotherm

could not describe i{sotherms over several orders of magnitude of the

llquld phase eoncentretione. Fritz et_al (1960) avofded‘the problem by
dividing their "data Inte five sectlons each with fts own isotherm.
Another "approach - was to use three parameter mpdels such as those
developed by Redl fch and Peterson (1959). Jossens et al (1978) and Toth
(1971), cited by Jossens et al (1978), also developed three parameter
. models: to describe data coverlng severel orders of magnitude 'in
concentratlon.. Femularo g____ (1978) dlscussed that to obtain an unique
‘set of paremeters when epplyfng the Jossens et ul (1978) three parameter
‘modei. data covering five orders oF megnltude 15 required; This
'drawbeck ds the main reason for the l!mited use of the three parameter
mpdel. . :
lh order to reduce the number - of equ(llbrlum experlments
required FOr the deslgn of adsorbera, -several researchers have developed
edsorption theories - which can predict the edsorption oF organlc
eempoends ‘besee on fheirr phyeieal' propertiesr_and‘on.cheracterlstic

-adsorption curves. These curves, which are specific to ene‘ectlvated

o

(d
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carbon, were obtained by correlsting the experimental data of many
adsorbates with the mathematical medels of each theory. The variables
of these .models are physical characteristics of the adsorbate, such as
the solubllity, the moler volume, the refractivity, etc. These theorles

include the Polanyl Adscrption Theory {Manes (1980)), the Net Energy

fheory‘(HcGulre and Suffet {1980)), the Solvophoblic Theory (Melander and .

Horvath (1980) and Altshuler and Belfort (1983)) and the Theory of
Correspondence (Myers and Sircar (1983})). The principal drawbacks of
these theories are that each -carbon requires Its own characteristic
-curve. and that not all organics flit the same characteristic curve well,
S0 thaf oFten different cﬁaraéterlétlc curves are required for different
types of éompoundé; - |

2.2.3 Hulticomponent ] sotherms

Competltlve adsorption isotherm models can be classiFied into

~ two main 'groupé: prgdlctlve ' models and regression based modelsL

' Predlctlve models are calibrated using only single component {sotherms.
The regression based models also use the paremeter?'From the single
adsorbate 1sotherms. but in addltion they require competltlve adsorption

" . data 1n order to regress the values - -of the’ additlonal coeFFicients.

Thus predictive models ere more _desinable‘ because théy‘reduce the

experimental work required.

2.2.3.) Predictwe Models . o

‘Butler .and Ockrent (1930) derived .the Langmuir competitive

‘ 'adsorptlon model uslng the same assumptlons as the slngle adsorbate
' nndel

ay & ——ti—dod ' @



where, q; = solid phase concentration of adsorbate {, -mole/g;

¢y = liguid phase concentration of adsorbate i, mole/g;

b; or bj = constant from the single component Langmuir model
for component | or J, f/mole;
QH, = monolayer solid phase concentration of adsorbate |
from single component {sotherms, mole/g; and,
NC = number of adsorbates present.
Weber and Morris (1964) showed that this model can successfully predict
i:he competition for bisolute mixtures of DBS (dodecyl benzene
sulfonate)- phenol and DBS-nitrobenzene. Murin and Snoeyink (1979)
found this model was inadequate for describing the competition of
Z2,4-dichlorophenol and 2,4,6-trichicrophenocl over 8 wide range of
concentrations. Even using a _;:.eml—enpirical ‘approach, the model was
only adequate at one of thé pH levels tested. Crittenden et _al (1980}
found this model adequate for the prediction of p-nitrophenol-
.0-bromophencl systems. Radke and Prausnitz ‘ (1972) pointed out thls:
model only obeys the laws o'f-‘ thermodynamics when the QM‘’s for all the |
adsorbaltes are equa‘l. ‘

Jain and- Snoeyink (1973) derived a Langnui.r type empir!cai model
for bisolute sttems that.-asst.mé.s some - adsorption sites are only
'av-ailable to the s‘tfongef adsor_bing compound. The exclus!veness l;;a
attributed to pore .siv‘ze exclusion. of .the ac'isor.baf:e- or chemical
specificity oF. the. sites., - The magnftude of the single component
monclayer loading, QM, 'determines w_hich s the stronger adsorbing
‘corlpound.‘and_ thg‘non-‘-cm'petitive s{tes are proportional to QHI—QHZ.
| Letting solute §l be the" strongest adsorbing compound the mode! is as

followst



M,-QM2) - b c QM b, ° ¢,
Q) = (_9_1_9_3_)_____1 _____ ! + ___;':. _________________ (2.8)
1 +b, " i +b; - ¢y +tba " C2
QM © by * ¢
Qp = —-------osm-—oemmoooo (2.9)

l+b1'cl+b2'c2
where QM, QM>, b; and by are obtained from the single component

Isotherms; and QM; > QMy. This model was tested with several bisolute
systems consisting of neutral and anionic p-nitrophenol, neutral and
anfonic p-bromophenol and sanionic benzene sulfonate. The predictions
were very good for the mixtures of nitrophenol and bromophencl, which
are simllar compounds with slmilar‘\gingle soluée fsotherms. And the
predictions iﬁvolving benzene sulfonate were rather poor. For ﬁanomolar
and micromolar chloropheqol experiments Murin and Snoéyfnk (1979) found
this‘ model’s predictions to be éatisfﬁEtory in a limited number of
cases. In spite of {ts limitaticns, this model was'tﬁe first attempt to
model the non-competiti@e sites. The exlstence of suchkéltes'has beer
suggested by Héber and Horrls ‘(1964) as * an exp)anation for fhe gptaf
mclar solid phase locading of a mixture exceeding the loading ,Of the
strongést adsorbihg coﬁpound fin a singlevsolqte experiment. ‘

The ideal adsorbed solutfon modgl (IAS) was derived_by Radke‘and
Prausnitz (1972) based on thermodynamics. This modél'hqs‘the following

assumptions: a) the 1ligquid solutions are-d[luﬁe: b} thé-adsqrbeht is

fnert and has a spécific surface that is {dentical for all adsorbates.‘“;

and ¢} the adsorbed phqse forms an fdeal surface. This model is

applicable to as many solutes as desired and its general form [s

ar = £ q . (2.10)
zp=qy /ar Cqzan
NC ' -

1 =2z, . - ' ' (2.12)
=l ST ’
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o
1 /ar =1 (z /ap
i=1

(]

o
mA= ¢y g 0
--- =7 (Qy / ¢y ) doy
R T, 9 -
o [+
Qy = flcg)
[v]
Cy =y " Zy

11guid phase concentration of the solute in the

mixture, moles/L;

solid phase concentration of solutegi , moles/gram

of carbon;

moies/g;

spreading pressure;

universal-gas constant;
.

absolute temperature;

|1 tquid phase concentration of solute { -when that
ﬂtlgiiq::sorbs alone at the same temperature and
spread! presﬁufe as -those qF‘the mlxturg. hole/z;

solfd phase conce;tratioﬁ of sblﬁte i when that -

solute hdsorbs alone at the saﬁe temperafure and

‘surface area of the adsorbent;

’adsorbeq phase mole fraction of solute i

_total molar concentration on the activated carbon,

(2.13)
(2.14)
(2.15)
{2.16}

spreading présqure as those of the mixture, mote/L:

single solute isotherm model; and,

number of soclutes In the mlxtufe.

~

This model {s very flexible sjnce -the single solute {sotherms, equation

- . 5 ] ) 4]
2.14, can hav:smany mathematical forms. However, since q; is part of

"
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the Integral in equation 2.14, the' equation of the single solute
{sotherm greatly affects the computationai effort involved. |If the
lntegral has to be solved numerically, this model requires substantial

computat fonal resources.' Consequently. 1t 1s highly-desirable to use a

-single solute model that results In an analytical solutfon, such as the

Ffeondlich model.

Jossens et al (1978) e#plalned_ that the Foeundllch {sotherm
should not be usod‘ asrlt 1s thermodynamically unsound because.at low
concentrations It does not reduce to Henry’'s law, and the solid phase

concentratfon does not vreduce to zero at zero iiquid ' phase .

_concentration. . This Introduces errors finto the evaluation of the

Integral 'n equation 2.14. Singer and Yen (1980).5howed that this error

is small, thus [t seems practfcal whenever posslble to represent the
P A ) i

single solute data by the Freundlich fsotherms. In such cases, the 1AS A

model for a binary solution Isotherm reduces to two a{multaneocus non

1inear equations that'con be oolved by Newton’s method. And for fhe

column  simulations using the filmsurface diffus]on model, the IAS

-

" equations are solved explicitly.

Radke and Prausoltz (19f2) predicted Qery well most of their
acetone—proplonlfrlle and. o—cresol-p-chlorqghenol data.‘i However. somé A
significant deviations were ocbserved For the. Iatter mixture and In order:
to better slmulate the data, the authors proposed a correction Factor.
The singte component faotherms chosgn by the above authors were the
rather elaborate Newman’s 3 and 5 parameter équatiohs _which could be

e ) .
Integrated anaiytically. . g _ . .

Jossens et al .(1978F used the Toth three-parameter model In

thelir application of the IAS thecry. Thelir predictions were excelient-



‘the model 1s:

for flve blsolute systems consisting prlmarliyl of phenollcs. However,
they were somewhat poorer for the 2,4-dichlorophencl / dodecyl benzol
sulfonic acld system, which was the most dissimilar palr. Fritz and
Schlunder (1981) analyzed the same binary systems with equal success
using 8 |AS routine based on a multirange Freundlich 1sotherm.

Singef and Yen (1980) found that the |sotherms of
phenol—meethy]phéno! and éhedol-2.6—d|methylphenol mixtures could be
predicted very well by Ereundllch—based 1AS models. A Langmuir-based
1AS mode] was also tested but it yielded poor predictions for the second
binary system. Thacker_ et al (1981) found large discrepancies between

the [AS predictions and their 3.5—d1chlorpphenol—3,S-dlmethylphenol.

‘*—sltﬂs wés somewhat surprising as excellent prechtlons for phenolics were

r9éorted in the literature. ' To compensate for the discrepancies, -

_—

/Thacker et al (1981) replaced equation 2.16 by
r ‘ : T

=3

. 0 - -
IR SRR T . _ : (2.17)
where r¢ {s the average ratio of experimental to predicted solution

conéentration for sbecies f. Fukuchi et al (1980). described that the

use of the IAS model is somewhat restricted due to adsorbed phase'non'

1deaflt|es~obsefved' jn expériments. ‘Yonge and Kelnath‘(1994)- showed

that the ]AS mode | predfcteﬁ pdorly the competition in sevefal binary’

mixtures of phenollcs. .

" Razzaghl (1976) developed a model analogous to that of Jain and
Snoeyfnk (1973) based on Fk@und]fch fsotherms. The general versfon of

-
0

: . : ny NC ng . ny
qy = “"H[) ky ¢y + wy (cy/ C,j) . ki T (2.18)
T . J=1° o . . .

where ;' is the fraction of the overali capat!ty of compound 1| which Is

Y .
{nvolved {in the competition. The values of Wi can be predicted using
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the Jain and Snoeyink Isotherm at low carbon loadings. This model was
tesged for several binafy mixtures of soluble, high molecular weight
organicﬁ and ndIFFerent chemical nature. These {ncluded pepsin, bovine
serum albumin, maltose and dextran (MW = 10,000, - 70,000 and 2,000,000)
and two Ifgnfn sulfonate fractions. Compar { sons with the Jafn and
SnoeyInk mode!l yielded 5}m1lar predictions at low loadings and superlér

predictions at higher lcadings.

DiGfano et _al (1978) have presented a mode! derived using the

1AS model with some slmpllfying assumptions, which has been named SCAM.
This mode! which is based on the Freundlich Isotherm assunes the single
solute jsother@s of all the components are equal, and 1t utillizes mean
coefficients k’ and n’ when this assumption fs not true. The general

form of . SCAM [a:

(n*=1)/n* ny I/n°  NC nj (1/n°} (n"=1)

ap = k’ ©(kgrep ) e ( ((kJ/k')-cJJ) Y T (2.19)
’ . J=1 e, - . :
' NC .
where N = ( £ n,)/NC s
: J=1 J ' -
NC (1/NC)
K" =(mn kJ), ; and,
J=1 -]

NC = number of components.
The above authors comparéd the predlEt[ons by SCAM and IAS for some of
the data 'generated' by Fritz (1978) 'and found that in most‘céses
lnyof‘ing iow conc$ﬁ£fations.'SCAH dave comparabléjbredictlons. )

! Yonge and Reinath (1984) deveioped 181AS (Improved simplified
_:]AS) model by replacing the k; terms in SCAM by-kgjpirln_order to
account for non—ldeal adsorption behaviour. The wvalues of P were
ln#tlatly'-qbtalned QX_ anrllnear feast sﬁuares» regreasion of data
equilibrium ‘sfudles 1nvolvlng-Fo§r binary solufibns of phenolics. Then
they were succéssfu!ly correlated with a ratio of the sqlupilltles. thus
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making ISIAS a predictive model. The vatues of P were greater than
one, thus this model always predicts loadings equal to or lower than
SCANM. .

The above models were developed to satisfy several goals, such
as adﬁerence to thermodynamics and mathematical simplicity. However,
the main reason for the development of most models fs deficient
predictions of earlier models. This has led to the development of
models of competlt}ve Isotherms callbrated via regression.

el
2.2.3.2 Regression Based Models

Fritz and Schlunder (1974) proposed the following very general

model :
2o " Yy
Qp = = {2.20)
NC by _
d' + z BiJ " C
. J=1

where 840, byo. dj, ajj and bij Lre regréssed coefficients. This model
can be reduced to'the Langmuir or tﬁe-Freundllch ﬁodels. thus some of
‘the constants are callbrated from the single solute Isotherms. The
remaining components must be obtained via regression. For example.'Fdr
a bisolute system with the individual components having Freundljch
{sotherms, ' six gbnstants must be regressed. Thlﬁ permits a great deai
of adjustment by regression techniques, so the simulations are excellent
as shown by the above authors for many phen&l~prnltropheno] solutions.
This model was also found superior by Balzl! et a1l (1978) Fo} a
2—butanol—t-émylalcohol sysfﬁm and for a system {involving the same
compounds plus phenol. ) .
Fritz and Schlunder cléel):;iso used their model to successfully

 simulate four binary mixtures, ;;hlch the [AS model could not predict
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very well. fukuch! et-.al 1(l980) found the above model could descrlibe
well the adsorption of phencol-benzotc aclh mixtures.

Hatﬁzws and erer (1980) developed a competitive |sotherm based
on the Radke and Prausnitz (1972) three parameter {sotherm. It i3 as
follows:

B S . (2.21)

where B, aj and aj are parameters of the Radke and Prausnitz single
solute models; and n; are parameters‘ alned ‘from the regression of
competitive {sotherm data. OD}

In conclusion, in spite of a Etibstantlal effort to ﬁodel
competitive isotherms, there has beeﬁ on!yrlimiied successes dqe to ghé
complexity of the problém and to our present lack of a good
understanding of adsorption. The modeis have not been general}enough te
describe all the available data. Thus data hgs been representéd by the
best fitting modei.'and‘thls has led to the development of many models.
2.2.4 Kinetic Modeling

.As dlscﬁssed fn section 2.2, the kinetic data is one of the two_
basic types' of lnFormatIon: required to model aﬁd‘deslgn adsorbers.
'These déta can be obfalned from a wide variety of experiments, bqt they
all involve the monitoring of the changes in solute concentration caused
by a given mass of adsorbent. Modeling the adsorptfon rate is a subject
that has received considerable attention over, the last 30 years. The
discussion herein will concentrate on the most pertinent recent studies.
For more exhaustive reviews, the reader is referred to Weber and

Chakravorti (1974), Crittenden (1976) and Peel (1980) among others.

The mass transfer from the bulk 1iquid onto the surface of the



Y,

&y

v

20

adsorbent takes place In three main steps:

1) Transfer across the external 1liquid £!Im that surrounds the

particle;
11) Transfer from the 1iquid ontq the surface of the adsorbent
{(adsorption step);_ -
I11) Intraparticle diffusion. ‘

Most of the early research concentrated on models which made many
simplifying assumptions In order to sdlve the model ahatytically. These
assumpt}ons fncluded: negligible mass transfer resistance, a single
overall rate expression, the selection of the liquld film mass transfer
as the qoﬁtrdlllng step, the Tepresentation of the intraparticle mass
tranngti by a linear or quadratlc driving force, linear lsotﬁerms.
l?ﬁ:versible isotherms, and constant pattern adsorption waves within
column adsorbers. Some of these models were successful in predicting
the performance of adsorbers under certain conditions, but they fafled
under other conditfons. For example, Fritz et al (1980) found that in
modeling a colum: receiving a 1 mmole/g phencl solution, he did not
require intraparticle resistances to obtain gdod predictions, the fiim
resistance sufficed. L ¥

Due to the shortcomlngs of the 5ImpIiFied models, the more
recent models reduced -the number of assumptions. This progress has been
alded by the lncreased ava!lablllty of computers which are requlred for
the numerical solution of these models. )

Prééent models assume that the rate of adsorption IQ not the
rate controlling step, and tht adsorption is controlled by either the
Ifquid film. or the Intraparticle diffusion. The two main types of rate

modets pregently used differ in ° their fntefbretatlon of the

-

. =

.
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Intraparticle diffusion, The surface diffusion or homogenecus solfd
aurface diffusion (HSSD) model, treats the carbon particle as a s0lid.
The adsorbate adsorbs at the surface of the particle and migrates along
the pore walls to the Interior of the particle by surface diffusion.
The relationship between the 1iquid and the solld phase concentratlions
at the outer surface of the particle Is described by the isotherm. The
porf diffusion or heterogenous diffusion mode! considers that the carbon
partlcle is porous and the solute [s transported to the interior of the
particle by diffusing through the liquid that fills the pores. "The
solute can then be adsorbed at any point aleng the radial direction, 3o
the sollid - 1iquid bouﬁdary condition, represented by the 1sothe;m. is
not Iocallzéd.
The basic assumptions of these models are that:
1) adsorption is not the rate controlling step
i1) the apparent diffusion coeFFicIents aré Independent of
.concentration and radial location
{11) the bulk flow terms can be neglected as the concentfatlons
are dilute-

fv) the carbon particles are spherical.

- The resulting differenttial mass balances for the particles are:

Pore diffysion

aq’ ac’ 1 2 2 ac’ :
P - + g, —- = D [.._ — (r -—) ] (2-22)
C at Pat  ©° r?oar ar '

QQréace diffusion

aq’ 1 3 2 aq’ . . .
—— = Ds (.—.—2 -— (r - ) ] . (2-23)
at . re ar ar

where p. = particle density of the adsorbent, g/em>;
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Pol
n

solld phase concentration, a/g;

ot
n

time variable, sec;

Ep = fnternal porosity of the particle;

11quld phase concentration within the pores, g/cm3;

0
-
n

o
f

[ apparent pore diffusion coefficient, cmzlsec:

~
n

particle radial variable, cm; and,

o
n

apparent surface difffusion coefficient, cm?/sec.

Recently Fritz et a) (1981). among others, considered the

combined pore and surface diffusion model, because the pore diffusion
model  was Inconsistent in some applications.  The apparent. pore

diffusivity was defined by Wheeler (195]1) as

D - -p___} (2.24)

where D| = free liqyla diffustvity, em”/sec; and,
v = tortuosity factor, which i{s the mean ratio of the abtual path
.. length travelled.by an adsorbing particle to the radial
distance trayelled.

" Thus  the tontuosfty‘.;actor. which has been reported in Satterfieid
(1970) to range from 2 to 4._ should. never be iess than one. Yet
dlfferent studies havé found some applications where Dp was larger than
or gqual to D), and this faster transport wag. attributed to surface
diffusion.

In spite of noticing fhis effect, some researchers such as

Liapis and R(ppln (1977) have used thg regressed valugs of the pore

diffusion even when they exceeded the free liquid diffusivity. Others,

osuch as Fritz et gl (1980), used the combined model with a fixed

tortuostty Fucfort thus fixing Dp and regressing the fnformatfon to find
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05. Komiyama and Smith (1974) found that the.greater importance of
surface dlffuiion occurred in situatlons of low liguid concentratlons‘
and high adsorptivity. Unfortunately, there are presently no methods of
measuring the sclid and |liquid phase concentrations along the radius of
a particle. Thus, It is Impossible to diractly measure the {nfluence of
ench mechanism. The cholce of the model used Is somewhat arbitrary since
In most cases both modelg can‘be‘regressed tb fit single solute kinetic

data.

Famularc et a1l (1978) were unsuccessful in modelling their batch

kinetic data using the surface diffusion model even when they included a
concentratfon dependent diffusivity. To descr{pe the data they
.developed a micropore / macroshetl concept as a representation of fhe
bimodal pore . size d!strlbut{on In carbon particles describea by Kefinath
(1968). .Thelé mode descr ibed _th; intraparticle mass t}ansfer by

two 11near resistances In series. Famularo et _al (1978) calfibrated

their model uéing batch testé, but found it necessary to recalibrate it

to regresent their column data.
.»\"

) In work parallel to.that of Famularo et al (1978), Peel and
Benedek (lSBDb.;SBl)‘and Peel gg_gl (198i) observed during batch kinétlé
studlgg that>adsorption " frequently occurs ' by two distinct mechanisms.
'Ohe mechanlém was Fal?lyifast uﬁ!le thg othér.-was sIinFicantly s lower,

' thus the name: slow adsdrptidn phenomena. The slowness was hQﬁothés(zed

_ to be caused by chemical or pore size .restrictions. The: fraction of the

overall adsorptfon capacity attributed to the slow: mechanism was

. generally found to be proportional to the molecular size of the
adsorbate. The_ maln contributfon of this research was. that It

fdentified the need  of ioﬁger kinetic tests to observe both these
. : » _



24
mechanisms and accurately model adsorption. Based on thelr observations
two dua! rate models were developed.

The first model presented in Peel et al {1981) and in Peel and

Benedek (1981) 1s an extension of the surface diffusion model where the
slow adsorbing porés are considered as a sink. The slow adscrption rate
expression s a llnear driving force. Peel and Benedek (1980b) also
develioped a second more computationally efficlient model, based on the
avefage salld phase concentraticns. The rapid adsoprtion was described
by a quadratic driving force and the slow adsorpticn mechanism s agaln
represented as a linear driving force. These models with thelr longer
calibrating tests were able to predict well the column breaktﬁroughs of
several bwaters and wastewaters. These predictions Qere particularly
good in describing the observed long term removals,

Weber and Liang (1983) presented a dual Intraparti:le res{stance
version of MADAM, one of the most often used homogeneous solfd diffusion
model ing computer programs. This model s very similar to the one

presented by Peel et al {1981). In this.model the slower mechanism is

conceptual {zed as occurring within small imaginary spheres dfstributed
throughout the carbon particle, and the driving forceA of the .
microspheres s described by a second taplacian term. -

Summarizing, the pore and surfate:dlffuslon models and thelir
combination are presently widely used. And in many éases} ft has been
shown that an additlonal,ﬁntfuparticle resistance {s required to model
the observed data.

2.2.5 Multicomponent Bagcthinggjg;
| Hultfcomponent batch kinetfcs tests have rééeived very limitedr

attention. The vast majority of the research on the dynamics of the
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adsorption of competing organics hés been I1imited to column studies.
Some of the column fnvestigations have been strictly experimental in
nature. The remaining competitive column research has concentrated on
the prediction of adsorber performance wusing mathematical models
cal lbrated using single component batch kinetics (Feamularo et al (1978), .

Crittenden et al (1980)).

Multicomponent kinetic models are composed of duplicates of the
same differential mass balances as single solute models, one set for
each solute. The vsole competitive aspect of these models Is the
adsorption step which is described by>the cg;petitlve fsotherms. These
models presume that the mass transfer rates of the Individual solutes
are. ihdependent of each other, thus the. values of the mass transfer
. coefficients can be regressed from tﬁe single solute kinetic tests.
This !s a very attractive assumption because 1t avoids additional tests
In an experimental program that already Involves 'NC single solute
fsotherms, at least one competitive isotherm plus NC kinetic tests,
where NC 1s the nuﬁber of components gtudled: Multicomponent batéh
kinetic tests are the additfonal step required to verify the above
assumption, and 1f neces;afy. they can be usea-fo cal ibrate the models
3o a3 to describe the dynamic fntefagtions,

Weber and Morris (1964) reported one of the first competitive
kinetic expefimepts using binary systems; Their experlménts showed the '
presence  of additional solutes reduces the mﬁss transfer rates of all
the compounds stuéled. The magnitude 6F the reduction {s a function of
the molecular sizes of the competing species. Since no attempt was made
to mathematlfaliy model these experiments, it Is impossible to determine

if the observed decreases could. have been predicted using the pure

v
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solute cal fbrated models.

Mathews and Weber (1980) studied the batch kinetica of
phenol-p-bromophenol , phenol-p-toluene sulfonate and phenol-dodecy|
benzene sulfopate (DBS). The  fltm-surface diffusion model in
conjunction wlth their own . Isotherm was used to simulate these tests,
The predictions were very good for the first two systems which have very
similar values of the diffusivity coefficlent, although one had
different adsorption characteristics. In the last system, the
diffusivity coefficients differed by a factor of 14 and the predlctlons.
were rather poor, This is not surprising since Fritz and Schlunder
(1981) had simtlar resu]ts with a 2,4-dichlorophenol -~ DBS mixture. The
discrepancies were attributed to diffusional interactions, Mathews and
Weber (1980) Improved the simulation by . adjusting the fiIm diffusion
coeFFl&!ents.

Llapis and Rippin (1977) developed two competit{ve adsorption
kinetic models, -one descflblng the Internal mass transfer resistance as
pore diffusfon process and the other 'as surface diffusion. Since
typical applications invoive dlluté solutions, these researchers assumed
the individual solutes diffuse independeﬁtly. They atlso presentéd the
modtfied version of the modeis requlred to account For diffusion
1nteractlon5 that mlght be required at high concentrattons oF dfssimilarr
components. The dflute solution models were calibrated using a
competitive gatch kinetics test and they predicted with great accuracy
the column breakthroughs For a butanol-2- t-amyl alcohol solution (Balzli
et sl (1978), Liapis and Rlppin (1978)}. The success of this model is
af least in part due to the callbration using a 'compet!tjve kinetic

test.(jé;f refraining from conducting single component kinetfca also



- 27

leads to a loss of Information on the diffusion Interaction. .

Mathews and‘éu (1983) predicted the competitive batch kinetics
of naphthalene and phenol using the homogeneous solfd diffusion model.
The mass transfer coeFFchents were regressed from fndividual solute
batcs kinetic tests. The [AS mode] and Mathews and Weber“s 4 parameter
competitive 'lsotherm'were tested as the equilibrium expfesslons The
similations of the competitive batch kinetic tests were excellent for
phenol, but they conslstently overestimated the naphthalene removals, )
The predictions with the 1AS model showed targe deviations from the
dafa. while those calculated using the other equitibrium model deviated
te a lesser degre;. However, sipce the competitive Isotherm data was
not presented, one cannot ascertain to what degree these €rrors were due
to Inaccuracies 1n the f1sotherm model and due to dynamic solute
Interactions, ‘

Frlté et al (1980) and Fritz et al fl981) conducted a thorough'
stpdy of competitive batch kinetics and their modelliﬁg using bbre
diffusion and surface lefuslon models, 'They showed that although both
models h;ve very similar concentration hfstorles For single compound
‘kinetics, in competitive kinetics these models can predict widely
different‘resu!ts. Six batch kinetic Funs were conducted with different
binary mixtures, . In half of the cases the predictions were very good,
end the pore diffusion model predictions were usually sllghtly better
than those by the surface diffusion model. - Some of the‘remainfng :
systems Involving p—nitrophenol and phenol did not yield such accurate
predictions although both compounds have simiiar diffuston rates. in

order to improve the less successfui predictions, these experlments were

used to calibrate a surface diffusion model with cross diffusion terms,
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This new model was then used to predict competitive column runs (Fritz
et al (1981)).
N

Therefore, +the |iterature {indicates that In most appIIC9tion5
fnvolving solutes with similar values of the diffusivity, good
predictions are possible assuming that there are no diffusional
interactions. And when the diffusivities are significantly different,

dynamic Interactions should be considered.

2.2.6 Multicomponent Column Model ing

Crittenden (1976) and Crittenden et al (l§78) investigated the
adsorption of phenél—dodecyl benzene sulfonate (P-DBS) and phenol-
p-toluene sulfoﬁate (P-PTS} In columns. Their simulations used a liquid
fllmrsurFace diffusion model In conjunction with the Mathews and
Weber (1986) competitive Isdtherm, which were callbrated using batch
tests. The P—PTS system was modeled falrly well overall, but the
bredictions were poor In some areas. The- predictions for the P-DBS
systems, and the phenol fIn particular, aé; rather poor. This was
_attributed to diffusional Interactions due to the large difference in
the solid diffusivities, DphenOI(DDBS = 7.5. This was demonstrated by
the slgnlficantiy improved prediction generated by using the wvalue of
the smallest dlf%uslon cogfflclents and {ts corresponding film transfer
coefficients for ﬁoth tompounds.. It should be noted that Mathews and
HWeber (1980) could not predict accurately the batch kinetic test of the
same mixture.l -

. /
Liapls and prpin (1978) presented their predlctloqpﬂfor the
2-putancol-t-amyl alcohol breakthrough based on a filmpore diffusion
model. This column model, which also fincludes axial backmixing, was

caljbrateﬂ by the competitive batch kinetic testa mentioned In the
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previous section. The predictions underestimate the size of the
overshoot of the weaker adsorbate, but are otherwlse excellent. The
accompanying error analysis showed that the entire error could be
accounted for by the Inherent error of the mass transfer correlations
used to calculate the fIim mass transfer coeffliclient. The high quality
o;. these simulatfons {s the result of  severa) factors. Firstly, the
calibration via competitive kinetics compensates for possible cross
diffusion effects that the model does not fake into account. Secondly,
Dpl/DpZ = 0.56?. therefore cross diffusion effects will not be wvery
significant. '

Famularo et al (1978) developed a. model which represents the
internal particle mass transfer by two |inear resistances. in serfes.
The model (utillzes the Hyers three parameter isotherms . in conjunction
with the IAS theory to describe the multicomponent equi]ibria. _Thg
model was callibrated using single adsorbate batch kinetics, and one of
the single component column Euns. The prediction for the equimolar
P-nitrophenoh-phenol feed was good.

Merk et al (1980) s the last of é Qerles of papers based on the
doctoral studies of Merk and Fritz. It '-dlsp'lays-colum predictions by
fltm-pore diffusion and by thé fiim-surface diffusion models ‘::‘:E'loped
and calibrated in Fritz gt al (1980) using single solute batch kinetic
tests. The Blcalponenf equilibria are l';epresented by.the IAS theory

using a set of different Freundlich fsotherms to de;crlbe_diffe'renf
| concentration fangés. The predictions Fbr the three équlmolar‘ feed
p-nitrophenol p-chloropheno] systems are ver)} good but their accuraéy

-decreases somewhat ~with increasing column length and higher Influent

concentrations. This implies the errors are related td higher column
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loadings and they are the results of diffusional 1nteractlon5.. The
pre&lctlons of the p-nitrophenol-phenol cotumn runs show greater error,
which led these researchers to use a solld diffusion model with cross
diffusion terms. This latest model signlflcantry fmproved ' thefr
predictions. _

Crittenden et al (1980) appiied the film diffusion - homogenepus
surface diffusfon model to predfct the adsorption of p-nitrophenot and
p-bromophenol on a column packed with Duclite A-7 resin. Equilibrium
was described by the compe%ltive Langmuir Isotherm and diffusfon
'lnteractioﬁs were assumed to be negligible. The mpdei was célibrated
)using a8 colym run with an equimolar.solutlon of tHe above compounds.
"This run was also used 'U)ifcallbr;te the isotherm parameters._ The
model successFully predlcted the breakthrough concentrations oF columns
fed one of the above compounds until saturated, followed by a bisolute
feed. -This agre@ment s not surprising considering the'method of
calibration and the relatively close values voF the diffusion

coefficients.

Thacker et al (1981) auécessfully predléted; bisolute column |
breakthroughs for ‘3.5—dlmefhylphenol and 3.5-dfchiorophenol in beds oFt
three different activated .corbons.‘ They used 11quid 'Ffim4surface
diffusion model developed by Crittenden et al (1980) . with a different
fsotherm. Mult!icomponent EQullibrium was descrlbed by the IAS modei
based on the Myers three parameter |sotherm which was then modified by a
constant to fmprove its prediction capacity. ‘

Sheindorf et al (1983) developed a " pore diffusion model with a
constant wave front propagation for the column adsorber. This model was .

cal ibrated using sfngle component batch kinetic tests and it was tested
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by simulating column runs w1th?¥single component, binary and ternary
feeds. The single compound predictions were Fa?:;ybet;gzggje to'predict
the slow adsorption taillné effect for phcnoll"‘?;ewbinary and ternary
predictions were poor. The authors suggest that the Inaccuracles mléht
be due to their simplified mathematical analysis, concentratlon
dependent diffusivities and/or cross diffusion effects.

In tight of the fafrly good preelctions it should be noted that
the majority of these competitive column etudies are rather Vimited in
scope. _The majority utilize blnary gystems coﬁprlsed of equimolar
solutfons of compounds with similar structures. In eddltion. the
dlffusion coefflcleﬁts of most column systems differ by a Fector of tye.
The biggest exceptlonlwas'the dOdecyl-‘benzene‘sulfonete,- phenol system
-studled Py Crittenden (1976) DSP/DSDBS = 7. 5. and it yielded the poorest
predictjonf- The reaults are a conFirmatlon of the findings From the

. batch kinetic tests.

- 2. .3 DESCRKPTION OF HUMIC SUBSTANCES‘

As dlscussed earl!er, “the background organics present ln- all
water.eources are malnly humic substanceg‘\but they are also foynd in ‘
' sofls, reck and the marine environment. As such, they have been

xtensively studied by sclentists of var\ous disciplines and there isa
.great deal of Iiterature on thls subJect. This review will be limited
to a ver; general descrlptlon of these' substances and some of their
characteristics that are re!evant to thls study. Ffor a more detailed
“~discussion of the-humic llterqtute. ‘the reader .is referred to Schnitzer
and Khan (1972}, Gjessing (1976), Christman and Glessing (1983), and
- Atken gt 8l (1985). R =

Humtc materials "are sn amorphous group of hydrophobic. acidic
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5u§stanées with molecular welghts ranging from a few hundreds to several
tens of thousands. These compounds are the result of the microblal
breakdown of organic matter, and as such are resistant to microbial
degradation. These substances are classiflied based 6n thelr solubility:
humic acids (HA) are only soluble in a]kaline sélutlons. fulvic acids
(FA) are soluble In both alkallne and acidic solutions and humins are
insoluble in acid or basic solutions. These fractions are structurally
similar, but they differ In their molecular size, elemental content and
functional group content. Black and Christman {1963} found that the
hqmic ‘substances in natural waters are approximately 80 to 90 percent
fulvic acid, because of their higher solub[lity. Schnitzer and Khan
{1972) discyssed that the FA fraction has lower molar mass but a higher
content of oxygen-contalning functional groups per unit mass.

Malcolm (1985) explained that agquatic hunic substances differ

substantially from sofl humic substances. For example, In soils the HA

to FA ratio is approximately 3:1, while in aquatic sources it equals
1:9. In addition. aquatic humics from groundwater, lakes, streams and
estuaries also have some differences, such as the percentage of the TOC
~which is hydrophobic (Thurman (1955)). These differences. are presumably
caused by'the different origins and formation mechanisms of the humic
subsfances. g

Malcolm {(1985) repofted that‘ the dom{nant structure of stream
ﬁumic substances are primarily aliphatic and that only 15 to 30 percent
of the carbon {in these sﬁbStances form aromatfc  groups.
Oxygen-containing Fupctibnal Qroups substltﬁte .every thfrdlor fourth

carbon atom on the main aliphatic structure. For stream fulvic acids

the major functional group Is carboxyl,  with minor amounts of phenolic

-~
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and methoxyl . The molecules of stream humic actds contalin phencllc,
methoxyl and carboxyl functional groups as well as allphatic side chains
of 6 to 10 carbon atoms In length. Due to the complexity of the humic
macromolecules, there is continuing work to identify all of thelr

features. The work of Liao et al {1982) Is an example of this type of

research, the degradation products of humic matter are identified and

the origin of these products s hypothesized.

3t

nitrogen, phosgorous and sulfur, the percentage of each element beling

Humfc substances coqplst mainly of carbon, oxygen, hydrogen,

9, ¢

dependent on the source of the humics. The carbon confent of these
aguatic humics ranges from 40.6 percent (Elack and Christman (1963)) to
62.7 percent (Thurman and Malcolm (1981)) and average approximately 50
percent.

There is substantial disagreement as to the molecular welight of
humics.. This Is partly due to the use of many different methods, each
measuring different characteristics of the macromolecules (Schnitzer and
Khan (1972)). Some techniques such as cryoscopy ;nd osmotic pressure

measurements yleld number average molecular welghts, while viscostity and

ultracentrifugat}oﬁ give mass average molecular weights. Gel permeation
/

‘ghromatography. ultrafiltration and small angle‘ x-ray scatterihg‘

uétudlly measure molecular size and they must be calibrated using
b -

" compounds of known molecular weight. Different techniques may yield

. videly different values of the molecular weight of the same substance.

Wershew and Alken (1985) reported that every technigue has some
Iimitations, thus it advisable to use more than one technique. Tﬁble 2.1
shows some of the molecular masses reported In the 1{terature.

In water treatﬁent humfcs are meusure& fn terms of thelr total
. o
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TABLE 2.1

~

Molecular Weights of some Agqueocus Humics

REFERENCE

SOURCE
OF HUMICS

METHOD OF
MEASUREHENT

Wilson and
Weber (1977)

Davis

et al (1981)

Oyster River
New Hampshire

Lake
Grelfensee
Switzerland

- Gryoscoplc

Determination

Gel

Andersen and
Maier (1979)

veenhstra and
Schnoor (1980)

Missiasippl
River

Membrane
Separation

lowa River

Gel
Chromatography

-

MOLECULAR

WE IGHTS

HHN = 626
<500

500< <4000

4000¢
<1000

1000¢  <10°
<1000
<2000

[
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organic carbon (iOC) concentration, which represents about 50 pércent of
the mass. Because low leve! TOC measurements are tlmc consuming, the
concentration o;.humfcs i3 often measured using ultraviolet absorption
and TOC calibration curves. The ultraviolet spectra generally lacks

characteristics peaks, thus any wavelength can be chosen. Dobbs et al

(1972) and Peel (f980) used 254nm, Weber et al (1980) used 250nm,

Randtke and Jepsen (1982) used 300mm.

2.4 ADSORPTION OF HUMICS :

The removal of humic substances by activated carbon'dld not
recelve much attention previous to the discovery of the capacity of
forming trihalomethanes during the 1970°s. As r?ported in Suffet and
McGuire (i980)} " aince thén a conslderabl¢ number .of pilot scéle column
tests have been condufted at different Idéations. |

The maln benefit of these _tests 'was _the achfevement of an
overall knowledge of how adsorbérs would perforﬁ. That s, tﬁé type of

bregﬂthroughs obsgrved. the adsorbtlon” capacities - Fdr- humlcs. pnd
‘fr{halomethanes of the different brunds ﬁf_carbon. etc, Howévgr. tittie
baslc research has been conducted Into the conditjons of adsorptfon, the
modglfng of coiumn. édsorbérs for d;lnking water applications, and the-

competitive adsorptfdﬁ of humics. The following sub;ections will

-

- discuss this research. _

2.4.1 Adsorpt fon Capacity of Hynics
. ' Peel (1?80) tabulated the lsotherms reported Fof severa! natural
waters and for humfcs solutions, an& a larﬁc variation was apparent.
Peet.and Benedek (1980a) found that most previous researchers conducted
their {sotherm tests for too short a‘ duration, and as & result

° .

underestimated the adsorption capacities. This is particulariy critical



36

In the adsorption of humlics because, due to thelr large molar size,
diffusion 1s very siow. Peel (1980) speculated that aince small sized

adsdrbates. such a3 phenol and o—chlorophenoi. required about one month

to reach equilibrium with GAC, hunic material would take much longer,

perhaps even years. Tgfs was confirmed through simulations by Randtke

and Snoeyink (1983). Thus it Is tmpractical to use GAC for isotherm

studles 6F natural waters, thus PAC should be used.

. McCreary and Snoeyink (1980) co&ducted a larg;t number of
fsotherms using humlics of different sources whlcﬁ showed: a) the
adsorpt {on capacity of a fdlvlcs solution increased with decreasing pH;
b) Increasfng PO, buffer strength at PH=7.0 increased the adsorption
capacity; é)~the Isotherms of fulvics of different sources were widely
different; d) the different Fractlbns7of ;aéh source showed s dqcreas{ng

capacity with increasing molecular weight; e) the unfractionated humics

téhdéq to behave similarty to the lower molecular welight fraction
despite that the latter represented a smsll fraction of the overall

Mass. The last two obdervations might. be the result of the slower

kinetics of the higher molecular weight organics and the 7 day duration
of the fsotherms.
Lee and Snoeyink (I980) and Lee et al (19a:j conducted a. very

extensive study pF the adsorption of several HA and FA using nine brands

of activated carbon. Their Ffindings are as follows. First, atum

coagulation tripled the adsorption capacity of peat fulvic acld._aﬁd it
accelerated the kinetics. - Second ¢ the adsorption Vcapacity was fncreased
by decreases in pH and by fncreases in the concentratfon of alum in the
sotution. Third, & decréase In the molecular weight of the humics also

Increased the capacity; contradicting one of the general trends in
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adsorption. Fourth, the relative adsorption capacity of humics onto
different activated carbons was correlated to the carbon’s pore volume
in the <70 A and <400 A& ranges. 5Some inconsistencies in this approach
suggest that different physica)l chemical properties are also important
in the adsorption of humics. And flnally.Athe.unfractlonated peat
fulvic acld Isotherm was- very simitar to that of the MW > 50,000
fracti;n. although this represents only 9 percent by weight.

Weber et al (1980) observed Increases in the adsorption capacity

and the rates of édsorption of humic acid In.solutions prepared with tap
water over thosé prepared with distilled water. The dIfferences were
shown to be cagsed by {ons present in tap _water and the authors
speculated that the adsorptfon occurs via a lons - humic - carbon
. complexation.

Randtke and Jepsen (1982) found thﬁt the presence of salts
enhanced the actlvated'carbon's adsorption capacity of different humic
and fulvic aélds.'_The anions ‘had no visible effect, Na had a slight
gradual incréase in -capacity, while Ca and HNg 5roduced very sharp
increases in loading at concentrations of Jess than one mmole/s.

Weber et al (1983) studied the adsorption oFltwo commercial
humic acids and one.commercial fulvic acid onto three activated carbons.
" They found that the adsorption capécity: a) increased in the séme order
‘as the predominant pére radius; b)-Alncreased with decreasing pH;: c)

increased with-the addition of Na* or K'i d) increased one order of
magﬁltude further when Ca*? or‘l'lg""2 was addea; and e) remained about the
sane wheﬁ Al(IIl) and Fe(l[l) were added. This last flndinglééntfadicts
the finding 40# Lee et al (19815 on the beneficial effects of alum

coagulation as pretreatment. Also, they found that the heterogeneity of
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hunlc substences can lead to substantislly different {sotherms If
conducted by changing different variables. Using the ‘fixed Initlal
concentration - varisble carbon dosage’ method yielded significantly
different results from the ‘variable initial concentration - fxed
carbon dosage’ method. Weber et gl (1983) also found that decreasing
particle size Increased the adsorption capacity, but this may at.least
in part have been a result of the 14 equilibrium times used for GAC.

- Weber and Jodellah (1985} found that pretreatment by 1ime
softening and alum cosgulation changed the adsorption capacity and
kinetics of three humic solutions to a different degree. They cdncluded
that one cannot generalize as the three humics behaved differently.
These finvestigators 'Found that alum coagulation has more favourable
eFfééts on the adsorpglon of humics and they speculated that these

improvements were caused by Ehanges to the humics.

2.4.2 Hodel|hg of Cotumns Treatln;\Humics
;7™ :

Py - (. : ’ )
The shape of the humics (in te of_TOC) breakthrough curves lIs -

one of the most striking results of adsorbers trea ,Q\\g natural waters
(Figure 2.3). The profile usually stafts wifﬁ an inngdlate bréakthrough
of the non-adsorbable fraction. This s followed by a period of varying
duration, when the adsorbable organics are completely removed. The
actual breakthrough {s very gradual, a result of the small diffusivitiés'
expécted for the large humic molecules. The breakthrough'then reaches a
point "a", .beyond which the breakthrough becomes even more graduai.
glmost constant. At -some point along this tailing part of the
breakthrough curve, the column exceeds the adporptlon cappcity expected
from ‘the previolsly common short duration equlllbrlumAtésts.r This"

additional removal was often attributed to biodégradatlon.
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Weber gl:__a_l__\ (1980) adequately modeled the adsorption of two
humic acid solutions usfng 12 hr batch kinetic tests. But they found
great difficulty in modeling the performance of a Iaboratory adsorber,
due to & gradua! breakthrough similar to the one described above. Tests
to prove the additional removals were the result of catalytic or
biclogical degradation were Inconclusive.

Benedek (1980) and Peel (1980) discussed 1in great detatl the
blodegradation - adsorption interactions. As they polnted out, GAC {s an
excellent medium #or bacterial growth. The carbon crevices give
sheitered locations for growth, and the adsorption capacity removes
toxic compounds that Inhibit bacterial growth, Yet most of the
background organics 1In water treatment plants are non-bfodegradable.
Peel (1980} concluded that there are difficulties in determining the
extent of blodegradation at water treatment plant adsorbers, but he
showed that the type of breakthroyghs often attributed to biodegration
were the resﬁlt of very slow adsorption. This slow adsorption mechan{sm
went unnoticed becausé batch and kinetic tests were terminated
prematurely,

Peel (1980) calibrated his two ihternal resistance model For-

“Ereated lake Ontario-watér with & batch kinetic test lasting 480 hours.
Regressing the same lnformatloﬁ with a single fnternal resistance model

&
yields a sum of squares of the errors whlch 1s 40 percent hlgher. These

models were - used Zto pred!ct the performance of several taboratory
adsorbers and in all cases the two inter' 1 resistance model was
suﬁerlor. This model excellently predicted the long term removal
strictly by.pdsorption. An. important feature of this study Is that a

single water quality parameter was successfuily used to represent a
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mixture containing organics of widely different molecular weights.

Lee and Snoeyink (1980) modeled the adsorptlon of several humlic
substsnces wlth different activated carbons using the homogeneous solid
diffuston model. The batch kinetics were modeled adequately in some
cases, but the majority showed different degrees "of lack of fit. Host
of the column adsorber predictions ghowed a slgnificant deviation from
the data. In less than half of the cases the Dg corresponding to the
best fit of the column data was within the 95 percent confldence
interval of D, calculated from the batch kinetics.

Maloney et sl (1982) studied the effect of water temperature In
plilot scale columns to tdentify the mechanism of the long term
removals. This was done ts exploit the different sensitivities to
temperature of adsorption and biodegration. They showed these removals
were mainly the result of slow adéorptlon and only a minor part of the
_observed removals could be attributed to blodegration.

Fiessinger et al (1983) presented the results of one year
operatfon at & 150,000 mslday plant uhich tested six treatment options.
These included slow sand filters (with and without preozonations. slow

GAC filters (yith and without preozonation) and two fast GAC fllters

treating preozonated water. The comparisons showed that the
biologically active slow sand filters could only remove about 10 percent
of the TOC while slow GAC filters cohld remove an édditlonal 15 percent
T0C primarily through adsorption. The fast filters redeéd at Iefst 10,
percent more than the slow ones. From these findings, -respirometric
measufements. and cumnulative removal unalysis. the above researchers

concluded "that the slow adsofptidn mechanism was the primary removal‘

mechanism {n the GAC adsorbers. - ¢
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Weber et al (1983} conducted séveral small bench sgﬂle column

runs - with solutions of commercial humic aclid. During the first set of
runs, the breaktﬁrough curves reached the plateau-11ike region associated
~with ‘Iong term removals, within five hours. The same solution was
tested with a rapid high pressure mini column as described by Billelo
and Beaudet (1983), and it showed that the breaskthrough reached the
plateau stage in only three minutes. Due to the short elapsed times, it
fs extremely unlikely that the continuous long term removals could be
thelresult ni biodegradation. These results are further proof that the
long term TOC removals observed at water treatment plants are iargely
the résult of slow adsorption as first predicted by Peel (1980}.

Therefore, when modeling solutions of humlcs or of natural waters, the

- n -

slow adserption mechanism should be considered.

Lee et al (1983) showed that the HSSD model could also describe

the long term removals observed in adsorbers, However, mass transfer
coefficients obtained from batch kinetic tests did not yleld goed
predkftlohs of the column data. The model was callbrated with the

column ¢ata.

2.4.3 g_mpetitwé Adsorption of Humics
- Robeck et al (1965) anestlgated the removal by PAC of several

pesticides from spiked dist{lled water and from river watér.kCOO = 5-35
mg/t). The removals from the river water of dieldr[ﬁ. a 2,4,5-T7 ester,
1indane and endrin wﬁré an order of magnitude lower than Epose'observed
from dlstllled water. The removals of parathion Qére reduced by about a
factor of three. The treatment of river water spiked with lindéﬁe.
dieldrin and pﬁrqth!bn §howed that neifher 1indane nor dieldrin were

affected by the presence of the other two pesticides, whereas the
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removal of parathion was reduced by a factor of two.

Herzing et at (1977) found fn {sotherm tests that the adsorption of

two odour-causing compounds, 2-methylisobornecl (MIB) and Geosmin, was
substantfally reduced by the presence of humic materlals. This study
conducted a very lnteregtlng lab scale column run with a HIB distilled
water solution as the feed. |Inftially there was gradual breakthrough of
MIB as expected with such a 1arge molecular Qelght compound, and the
Introduction of humic acfds caused B8 sharp increase In the effliuent
profile of MIB. When the feed was changed to distilied water, very
Httle MIB desorbed.

Murin ‘and Snoeylnk {1979) reported that the adsorption capacity
of 2,4,6~ trichlorophenol was reduced by up to 79 percent by the presence
of humics. This is a wvery large reductlon consldering that this
compound s strongly adsorbed.

Chudyk et al (1979) tested the adsorptivity of several activated

carbons and synthetic resins For the removal of two diFFerent _nlcs

from distilled water and humic acid solutions. The first organic was

methyl {soborneol (MIB}, a natural 'odou(‘ causing orgenic substance

frequently found in water treatment plants. The presence of humic acids

reduced the adsorptiye capacity of two bitumenous coal based activated

carbons By 30 to 40 percent. ‘ A Ilgnife coal based carbon showed a

~slight increased HIB adsorption capacity in the presence of humic acids.

S —

The second organic was chloroform, the trihalomethane which Is found
: Al
with the highest concentrations, was tested using the lignite coal .based

carbon and a synthetic resin. Chudyk et al (1979) showed that the

chloroform 1{sotherm from a humic acid solution was a fairily typlical

competitive adsorption isotherm. At low equ!librium chloroform 1iquid
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concentrations 1t Is essentiall§ the same as ‘the pure component
fsotherm. And as the 1liquld concentration increased the scolid loading
increased more gradually than that of the single solute f(sotherm. For
chloroform this difference was approximately 40 percent. Chudyk et al
(1979) also found that the carbonacecus resin, Ambersorb XE340, adsorbed
chloroform to approximately the same degree as actlivated carbon., and
this capaé;;; was not altered by humic acids. This resin was designed
with very small pores especially to avold removing humic substances In
order to retain 1{ts adsorption capacity for Ilow molecular welght
organics. The above results have been confirmed bx numMerous
investigators such as Chrostowskl et al (1983) and Neely /and 1sacoff
(1982) . '

Weber and Pirbazari (1982, 1983, 1984) {nvestlgated the
adsorption of several toxic synthetic orgénics {n the presence of humic
acids. They found that humic aclds adversely affected the adsorption of
carbon tetrachloride, benzene, - dleldrin and two polychlorinated
‘biphenyls. And . the adsorpfloﬁ cap&city of p=dtchlorcbenzene was
unchanged by the presence of humic qcids. This §s the only report of an
organic compound whose adsorption to activated carbon is not affected by
humics. Considering that the two - day eﬁumbriun time utilized Is too
short for the humic aclds to. reach eguillbr!um, some reductions in the
p—dtchlorophenol capacity may be evident with a more reasonable contact
tfme. such as two weeks. This i{s 1{kely as Weber ‘and Pirbazari (1983)
observed no drop in thq capacity to remove carbon tetrachloride when
adsorbing it from a humic solution, but the cospacity was substantially
reduced when the experiment used‘activated carbon preloaded with humic

acids.
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A1l of the studies discussed up to this point in this section
did not model the competitive equllibrium experiments. fFrick et al .
(1980) showed that the Rhine River organics sybstantlally decreased the
adsorption capacity of p-nltrdghenol and vice-versa. These researchers
alsb studied the adsorption of the background organics by modeling the
fsotherm of such a aolution when spiked with 8 synthetic organic with
known adsorption characteristics. The data was regressed using the SCAM
model to obtain the Freund!ich isotherm constants of the background
organics. Frick and Sontheimer (1963) expanded this approach to descrlbe
the adsorption {sotherms of humlc substances which sometimes have odd
shapes. Since the organics are mixtures of organics of different
moleculér ~welght and composition, this .method treats _the humics as &8
mixture of at least three types of organics. Then a mult!component
adsorption model, such as SCAH or IAS, 1is used to regress3 the fnitial
concentrations of the pseudoc components and thefr 1sotherms. The
resuiting models predlct. the TOC isotherms of two samples tested: a
humic acid solution and a groundwater sample. However, the prediction
of the.competition of p—nitrophenol with the humic acid was not very
good.

Crittenden et al (1984) followed the same mpproach in analyzing
contaminated groundwater, using the 1AS model exclusively. The IAS
model was first successfully tested for the {sotherm of a 5oluti6n of
dlgtilled water splked with 5 wvolatile %oxlc organics. Then, &
cis-dichloroethene - groundwater {sotherm was analyzed by the pseudo
component to calibrate the 1sotﬁerms of the groundwater. Finally, the
1AS method predicted very well the competition . between trichiorcethene

and the groundwater as 3 confirmation. No indiration was given about

\
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the nature of the background organics {sotherm, or about how well It §s
described by this approach {n sltuations wlith and wlthout competltlon;
The most Important point about this investigation is that it addresses
the removal of low level toxic organics by adsorbers In the presence of
humics, l.e., the drinking water plant problem.

>

2.4.4 Klnetlcs of Toxic Organics In the Presence of Humic Substances

Weber and Pirbazar{ (1982, 1983, 1984) conducted batch kinetic
tests for several toxic organic compounds from both distilled water and
humic aclid aolutions. The data were analyzed by comparing the mass
transfer eoeFFIcients obtalned by regressing only the toxic organic data
of both experiments to a single component model. In most cases, at
least the fI1m mass transfer coefficient of the distilled water had to
be readjusted to describe the humic acid run. Due to this rather
simplistic analysis, 1t is lnpossible_to identify the source of the
required readjustment. It could be changes of the Isotherm (i.e., using
a competitive.lsotherm) or changes In the mass transfer coefficlents.
To: avold these readjustments, the kinetics of ~the humic acid and
synthetic organics should have been hodeled simultaneously including the
campetitive fnteractlons betwéen the two compounds. This last approach

is the one utilized in this thesid.

2.4.5 Removal of Toxic Organic Substances at Drinking Hate} Plant
Adsorbers i
As mentioned in Section 2.4, 1n’the last decade many bench scale
and pllot scale tests have been conducted in the U.S. to evaluate the
performance of GAC adsorbears for removing Sackground organics,
trihalomethanes ﬁnd various’ synthetic orgaﬁic compounds found 1n ‘natural

waters. These tests fnvestigated the effects of process variables, of
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differents adsorbents, of different pretreatment: schemes and of
different source waters. Tests have been conducted in Cincinnati,OH;
Manchester, NH; Jefferson Parish, LA; Evansville, IN; Mlami, FL;
Hunt ington, WV; Beaver falls, PA; Passaic, NJ; Thornton, CO;
Philadelphla, PA; Shrevenport, LA {Lykins and Adams (1984)).
Evaiuations of toxlé organic removal have also been conducted at pilot

scale and full scale facilitles in France, Germany, Holland,
| Switzerland, Belgium and England (NATO (1984}).

These Investigations vyielded several important results. - Flrst,
the results of each'experlment are site specific, as the water matrix.
veries substantially with location. For example, background organics
vary 1In concentration and fn composition. Also the nature of the
contamination varies; at Jefferson Parish, LA, l.2-dlchloroefhane is
constantly present in the raw water (Lykins and Adams (1984)) while m:mL
Cincinnat!, OH, there are frequent spilis (DeMarco et al (1983)) and at
Shrevenp6rt. LA, the water is virtually Ffee of anthropoﬁenlc- chemicals

(Glaze et al (1983)). . »

Second, the background humic substances, which are the most
prevalent group of organics !n natural waters, are the first organics
observed In the GAC column effluents. The background organics have a
very characteristic breakthrough curve which includes cont!nuous‘removal
of 10 to 30 percent of the Influent over a very long pericd of time (see
Section 2.4.2 and Figdre 2.3).

Third, in plants bfactfcfﬁ; pre-chlorination, trihalomethanes
(THMs) are the qext set of organic substances to appear In the column.

effluent. In water treatment plants, chloroform is the most common

trihalomethane and it is the first to breakthrough. It s followed by
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bromodichloroethane, dibromochioroethane — and bromoform, which |s the

order of Increasing adsorption capacity and they nge relutlv:by sharp ~

breakthroughs (Figure 2.4). Due to.‘their llow adsorptivity and to
competition with other more strongly adsorbed or‘gan!cs‘. such as the.;
background organics, the THMs are often displaced. This displacement
causes the effluent goncentration to exceed that of the influent, .I.e..
an overshoﬁt (Figures 2.4 qu 2.5). .
Fourth, the next compounds to appear In GAC pFFIuents are the

next weakest organic compounds within the water matrix. Often, they 3re

the wvolat!ile halogenated compounds such as ) 1,2-dichloroethane and - <

1,1,1-trichloroethane. [n cases where pre-chiorination is not utilized,
such as in many groundwater treatment applications, these con‘péunds are
) [ ]

-theﬁ first toxic organics to breakthrough. As shown by Figure 2.6, these
-

organics also display concentration overshoots as a result of

competition (Yohe (1982), Suffet et g'l' (1985)). ) If the adsorbers are

allowed to operste for a long perfod, more compounds would pass through

the column., Thelsr order of appearance in the effluent 1s dictated by

the relative adsorptivity of fhese " compounds within the con’pet'ltive

.-

adsorption that takes place within the column, thus this order is
affected by the relative concentrations of these?onpoupds In the Fe_e_t;
{Chrostowsk! et a) (1983)).

Finally, the concentrations of the many con;cm!nants in the
source watér éon_stently fluctuate, thus ‘:sausing a contln.uous
re-equiliibration of the different adsorbed coﬁfdntnaniis. Thi.s has
frequently led to unexpected displacement of tbxl_c- ;Qr;ganlcs into -the

effluent (Yohe (1982)}. Therefore, It {3 evident that study of

)

‘.
competitive adsorption and desorption are of grwtgnce. as they .

“

e
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are the key to 3¢he leaching of potential_ dangerous organics Into
drinking water 5upp11es.' As dlacussed in this chapter, these phenomena
are not well understood. Thus, the oblective of this dissertation |s to
investigate and model these phenomena in order to design and operate

adsorbers that produce good qgg]lty water.

—



CHAPTER THREE

EXPERIMENTAL MATERIALS AND HMETHODS

3.1 ADSORBATES

This study used two adsorbates: 1,1,2-trichloroethane (TCE‘A) and
nPturally occurring organics. The TCEAV was manufactured by FIUWG
{min. purity 99%). The natural occurring organics were part of a 300 L
sample of the Groundhog River water collected fn Hay 1982. This rtver
is located In n_orthern Ontario a,nd the _saanng point was near the town
) of Fauquier, thus. this u}e;ter will be called Faudufcr river water (FRW).

Organic free water (OFW) was used for diluting the FRW, for
‘preparlng the TCEA ‘solutions ar'\d istandards. and for cleaning the
‘glassware. The OFW .was fFirst distilled, then.gravlty fed at a rate of 2
to 3 Hters/hr through an Ultrapure (mixed-bed) defonizing cartridge
{Sybron Barnstead.. I'lass.) and a large GAC filter. This filter was

packed with activated carbon from the same batch as that used In the

‘experiments and It provided an empty bed contact time of approximately 9 °

hours., The TOC concentrations of OFW was always below 0.1 mg/t.

The FRW, diluted FRW and the OF‘H were - adjusted to a pH of 7.4 ¢

0.1 using & 0.001 M phosphate buffer. These, solutions requlred'

different propor‘tlons 6(" analytlca! grade KH;PO., and Na HPO, (BDH
Chemlcais. Toronto} to obtain this .pH. The pH was mnltorqd throud'sout
“the experlmental progrun. and it was always fn the range ]H.‘i to 7. 6.

53
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AVl the buffered solutions used In the adsorptlon exper iments
were fllitered through 0.45, um or 0.2 um pare size cellulose nitrate
membrane filters {Sprtorfusy éi% Germany) . fo reduce the possibfllity of
bacterial growth. The filtration was carrlied out using a pressure
fiiter propelled by a Masterflex peristaitic pump (Cole Paimer, Chicago,
111.) so as to operate In a seml batch mode.
The TCEA solutions were prepared by spiking, with
pure TCEA, buffered and filt:red solutions in 20 or 45 ¢ carboys with
very little freespace, and mixing overnight to obtalin an uniform.

S
concentration.

3 ADSORBENT

. The adsorbent used in al!q axper iments was Flitrasorb F400
(Calgon Corp., Pittsburgh, Pa.). ‘fhe activated carbon was sleved to
oéfaln a"~ 40X50 mesh GAC fraction undla PAC fraction with particles
smaller than 200 mesh. Since the majority of the particles of F400 are
{n the 12X40 mesh range, the particles-farger than 40 mesh were ground
using a plate m111 (Quaker City Mill, Philadelphia, Pa.), and resieved,
Both the PAC and the GAC werg bofled in OFW for 30 minutes, allowed to
cool and settle, and rinsed with OFW to remove the fines. This
procedure was then repeated. Thén.'the carbon was drained and dried at
105°C for several days. F{nally. the carbon was cooled in a deslcétor
and storeﬁ in well sealed glass jars..

3.3 ANALYTICAL TEQHN]QQE

The TCEA -was extracted with n-pentane which concentrated the
TCEA by s factor of about 50. The extract was then analyzed with a
HP-5880 gas chromatograph (Hewlett-Packard, Palo Alto, Ca.) witha N &3

€CD degector. The chromatograbh response was measured in terms of ares

s

S
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by a HP level 1V |ntcgratd“$ Fach sample was Injected three times and
the average peak area was used. A concentration versus area &:al Ibration
curve was prepared for each analytical section using ten standards
prep&red in OFW and extracted by the same procedure as the samples.
Detalled descriptions of the extraction procedure, gas chromatograph
conditions, and Standard preparations are presented in Appendices Al, AZ
and A3. -~

The background organics in FRW were measured In terms of total
organic carbon (TOC). As in many studies reported in the I_|terature. the
UV sbsorbance of these humic sotutfons was linearly related to the T0C
measurement (Figure 3.1). Although the UV-TOC correlation was used to
reduce the nu[ber of TOC analyses, at least one third of _1;‘he samplés
were analysed by TOC to provide the calibration curve, The TOC an&lysls

L

was conducted usind a ”D'orhmen DC-54 Ultra Low Level TOC analyzer

{ Dorhman ln_sltrunents. Santa j\:laru. Ca.}; According to the manuFa'"cturer.
tﬁe measurements have a stanc‘lard error of 0.0Ilmg/L for concentrations up
to Oshmg/e and 2 percent at higher concentrations. In,all mixed FRW -
TCEA solutions, the reported TOC Is that contributed by the back Found

_-orgaﬁh:s. as the contribution of the TCEA was subtracted. *

The UV analyses were conducted with & Bausch

. s

" (.R-ochester. New York) Spectronic 21 Uv-D variable wavelength
spectrophotometer using | cm and [IQ cm path ‘Iength_ celis.- The samples
were analyzed at a wavelength of 254 nm, using an empty cell as
reference, which slaas arbitrarily set at 0.100 absorbance units. - Alr was
used as a reference as Benedek and Bancsi’’ (1977) fbund it to be more
consistent than distilled water. lt'-shgjlld be noted that the TOC-UV _

relationship has a lower limit below which it 1s no longer linear. For
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the 1.0 g cell psth this 1imit was about | to 2 ma/t, and for the 10 cm

cell path 1t was about (.15 to 0.25 mg/L. |f the absorbance 1|5 very
low, f.e. the water fs very clean {such as OFW), the relat_lonsh!p
between UV and TOC s erratic. As a result, all the low leve)

sanples were analyzed by TOC.

3.4 EQUILIBRIUM STUDIES

The [sotherms were conducted by the bottle point method oytl {ned
in sectlion 2.2.1, using the raume solution In all bottles and varying the
carbon dosage. The solutions and the activated carbon were contacted fn
500 ml \glass bottles with teflon lined caps, %0 as to have inert
vessels. The bottles were placed fn an end-over-end t\gl‘lbl'er thch kept
the particles 1in suspension and provided the necessary mixing. The
tumbler was located in a constant temperature room operated at 20 =i °C.
At the end of the contact perfod,\the carbon was separated from the
' asolution by pressure flltration through a 0.2 um pore size membrane
‘ﬂ’lr er (Sarto_rlus. West Germany). The Ffiltrate was then anal)’(zedp as
described In the prevlous‘ sectlion. A more detailed descrlpt,doq" of the
fsotherm exp_erlmental methods is presented in Appendix Bl. (Abpc:ndix B2
discusses the details of the fi Itratilon procedure.

PAC was used In the experiments to reduce the equilibrium
time. Contact time was & mirﬂ_mun of 2 weeks, which was found to be
satisfactory for the slower adsorbing background organics by Peel
(1580), Lee and Snoeyink (19680), and Randtke and Snoeyink (1983)}. See
section 2.2.1.1.

Several adsorption Isotherms were conducted to describe a wide
range of TCEA concentrations. Diluted FRW and FRW Isotherms were

conducted at different peints In the experimental program, to account
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for possible changes In the humics. As the intent of this thesis is to
study water treatment adsorbers whose source water recelved a toxic
spill, the TCEA concentrations used In the competitive {sotherms, the
batch kinetic tests and In the column run were significantly higher than
those encountered during the normal operation of a water treatment
plant. Three c;mpetltlve adsorptfon 1{sotherms were performed with
fnittal concentrations listed in Table 3.1, =

o

3.5 DESORPTION |SOTHERMS

The main difference between the adsorption and the desorption
lsothermg is the activated carbon useﬁ. The PAC used in each bottle of
fhe desorption cycle originated from a different bottIeAin an adsorptlon
isotherm. Thelloaded PAC was Flrst.transferred to the filter as.part of
the filtration step at the end of the adsorption cycle. The PAC was
then Immediately washed into a glean 500 ml . glass bottle. fllled with
OFW and sealed. The bottles were then agltated lﬁ the end-over-end
tumbler for a period lasting a minimum of & week longer than the
adsorption cycle., Appendix B3 &:scribes in detail the above steps.

3.6 BATCH KINETIC EXPERIMENTS
Batch kinetics festg) measure the change in 1liquid phase

concentration with time, arising from adsorption. The method used In
m:\aw

this study was th

m s%rate - bottle for each data point

approach used for obtaining the isotherms. The same GAC dosage was
added to all of the bottles and Ithey were contacted for different
perfods of time. Theréttle-polnt proceddre was slightly modified to
improve the reproducibiiity qf*\th carbon dosage measured (see Appendix
B4).

These tests were carried out with GAC and the nominal Initial
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TABLE 3.1 [nitilal Concentrations in Multisolute Isotherms

COMPETITIVE INITIAL INITIAL
1SOTHERN NO TOC CONC. TCEA CONC. .
(mg/t) (mg/L)
1 10.0 2.0
i
2 10.0 =~ 0.5
3 3.0 0.5

_TABLE 3.2 Batch Kinetic Runs )

RUN NO INITIAL INITIAL
TOC CONC. TCEA CONC.
{mg/1) (mg/%)
¢ 1 5.0 -— background organics
11 — 0.5 1,1,2-Trichioroethane
111 &/(,J 0.5 mixed solution
! ,/’
g



60

concentrations for the ghree runs are presented in Table 3.2.

3.7 COLUMN RUN

This experiment used twe 0.95 cm 1.D. glass columns packed with

known masses of 40X50 mesh media and operated in the downfiow mode. A
schematlc of the system Is presented In Figure 3.2. The columns were
run 1n parallel'. one was packed with sand and the second was packed with
GAC with a 3 cm sand layer on top for flow distribution. The sand
column was used as control to account for the possibility _of
biodegradation. The carbon b;ras packed to a depth of 12.7 cm., providing
an empty bed contact time of approximately 4.5 wminutes and a hydraulic’
loading rote of 1469 m/hr (0.67 lgom/ft?). )
' The columns operation was d|v|de;| into six stagés. each with
different feed concentrations (Table 3.3). The feed solutions with 1~'E:EA
weﬁ:.. prepared daily, and stored in an 8 1iter refrigerated (5°C)
resprvoir to reduce possible volﬁtlzation losses. The effluent lines

passed through a small reservoir used fot;-smple collectjoen.

-
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TABLE 3.3 Feed Concentrations of the Six Stages of the Column'Run

STAGE FEED BACKGROUND - FEED TCEA N ‘ '
NO ORGANIC CONC. CONC. R '
(mg TOC/8) (mg TCEA/L). A
\
t 4.5 ¢ . 0.5
11 4.5 0.0
"y
1l 0.0 0.0
Iv 9.0 | 0.0
' v 0.0 0.0
VI 0.0 ' 1.5
- / '
. :
- =
S
-
.
V I'd ~ i '/-—
‘ -
~\ ) ‘
| " Y
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- CHAPTER FOUR '

EQUILIBRIUM STUDIES

4.1 SINGLE COMPONENT 1SQTHERMS

4.1.F }41,2-Trichloroethane Adsorption

In order to cover a wide range of concentrations, several TCEA
{sotherms were conducted using solutions with different fnitial
concehtratlons. Figure 4.1 shows the result of the experiments in terms

of the logarithm of the solid phase concentration (q) versus tHe

togarithm of the liquid phase concentration (c). (Data Is tabulated in

Appendix Cl).

Thfsldata was regressed to flt Freundlich and Langmuir Model
isotherm models using a nonlinear least squares routine. As explained by
Sweenéy' et al (1982), _regressing ; versus ¢ assumes that ¢ s aé
independent varlablé. when in fact c is debende?t on-fhe carbon dosage.
X. Thus these researchers suggested regressing ¢ as a function of X, by
utilizing the equation resulting from.equatlng the'isotherm mode! to the

mass balance used to calculate q. This mass balsnce is ~

Q= (coc) / X (4.1)
where co = the Initial liquid phase concentration, g/cm’.
Thus for the Freundlich §sotherm the following equation is regressed:

(co-c) + X°k*cN = 0

.This nont inear equation was solved using a_varlatioﬁ of Newton’s method

-

wn
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which uses finite difference approximations to the Jacobian (Subroutine

ZSPOW, IHMSL (1982)).

The Inftfal regression ylelded a set of parameters which fit the

higher valued data very well, but the lower valued data poorly. This
was probably due to the data covering four orders of magnitude, and the
predictions for the lower values had a smaller absolute error. To
overcome this problpm. the‘ﬂ:outfne was modified to a weighted teast
aqd;}es. using the wvaslue of the cbservation. The objective function
used was’ |
N . N .
min ¥ (y/y - y/y}" = min I (1 - y/y) (4.3)

where y = value of the observaflon; |

y = value of the prediction; and,

NP= number of points. o \\\\

This technique was used In conjunction with both the Freundlich and the

Léngmulr'quels. While. the L&nqnufr model exhibited a poor fit over the
entire span of ' the data, accurate Fits could'hevertheless " be obtained
WIthin Iimited ranges. As anticipated from the stralght 1ine behaviour
exhlblté;j?ln FIgQre 4.1, the Fféundltch mode | fft very well; the Qalues

of the regressed coeFFIclent§ are shown below.

- “

 TABLE 4.1 Freyndlich |sotherm Coefficlents for TCEA
’ k : n o
LW . o
126.25 * 5.3% . 0,59 * 2. 41
.. - Dobbs end Cohen (1980) observed a 4.5 times smaller capacity for
 the quorbflon of TCEA "onto the same brand oﬂ\gg;pen. Their results
were obtalned from Isotherms with oﬁly a two hour contact period, thus

the “low odsorptivl;lés were - probably . due to an In5ufflclent-contac£
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period to reach equilibrium.

4.1.2. Fayqulier River Water Adsorption ]sotherm

There are two important considerations in using natural water as
&

the source of background organics. First, do the FRW and solutlons of
diluted FRW adsorb 16 th: same manner? The. results obtalined in 1sotherm
tests (Figure 4.2) Indicate that they adsorb very similarly.

The second point of interest 1{s: do the organics fn the water
remafin the same with time? The TOC concentration of FRW dropped from
spproximately 12 mQ/L.In July 1982 to about 9.5 mg/L in November 1984,
fndicating that some changes occurred. Black and Christman (1963) and
Gjessing (19i6) observed similar changes. In addition, as shown iIn
Flgure 4.3 and Appendix C2, adsorptlt: fsotherms carried out on thrée
occasions. &urlng the experimental program measured an Ichease in
capacity with time. Based on the studies with different molecular
weight fractions conducted by Lee and Snoeyink (1980), the incriease in
‘cepacity can be ;ttcjbuted ts 8 decrease in the average molecular weight
of tﬁe_humlcs. The actual mecﬁ;nism of this change is open to question,
but given the time span, even the slowest méchanlsms. such as
biodegradation, coulg have had an effect. Gjessing (1976) determined
that only about 30 percent of the cbserved changes in' TOC concentration
cou!d have been avoided by the use of io mg of HQCIZ as a biocide.
Blagk and Christman (1963) showed that losses In colo; could be
signif!cantly reduced but not completely elimlhatgd by storing the water
at a cold tehperature under a nitrogen atmosphere. Such precautions

were not possibie in this case due to the lack of the proper facl!lities

to store the 300 liter water samﬁle. In recognition of this problem,

the {sotherms obtalned near the time of the approximate experiments were. - .

v

-
~

~
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(mg TOC/q)

SOLID PHASE CONG

- -
0 2 4 "B 8 10 12

~ LIUD PHASE CONC. (mg TOC/L)

v - ) T ]
' [

-

-FIGURE 4.2 " Fauquier River Water and Diluted Fauquier River
: Water Isotherms. ( © FRW; X Diluted FRW)
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used In modeling the experimental dats. As  such, the second FRW
fsotherm was used for the modeling of the-experiments conducted arounii
the same time (1.e., the conpc-tltive Isotherms and kinetics) and the
final Isotherm was used In the analysis of the column run.

Table 4.2 presents the results of the regression; of - the three
backgrou?’d organics using the nonlinear least squares method.‘ As shown
in this table, f{sotherms had to be 9plit into two sections to allow

description by Freundlich isotherms.

4.2 SINGLE COMPONENT DESORPT|ON EXPERIMENT

In theory, the desorption {sotherm should either be the same .83

‘the adsorption isotherm, or higher. Identical adsorption and desorption

isotherms represent completely reversible adsorption. The other extreme
is corrpleteiy Irreversible adsorption. In ,this case the contamlnant

Iiauid phase and solid phase concentrations remafn unchanged regardiess

of the initial liquid phase concentration of the desorption solution. -

Thus, the soiid phase concentration 1Is only a8 function of the {oading

‘ atta'ﬁ\ed -during the adsorption cycle, and the desorption i‘sbtherms are

horizontal or constant lgadlng I'ines connect-ing the adsorption isotherm
with the ordinate. When the desorption experiment cons!sts of desorblnd
separately the carbon masses from the [ndividual adsorption bottles, as
the experiments undertaken in this thesis, it ylieids a set of horizontal
desorption [sotherms. ‘

In thel case ' of pa\rtlally\\rreverslble odsorﬁtlm. the above
experiments are similar to those of the fu!iy_ irreversible case, in that
they yleld a set of desorption {sotherms due to hysteresis effects.
Thesé {sotherms also haye higher loadings than the ﬁsorﬁlm {sotherm

and they are slightly sloped. Figure 4.4 presents the phenol desorption



TABLE 4.2 lsotherm Parameters for Fauquler River Water

FAUQUIER
1S0THERM
DATE

Aug. 1982

Oct. 1963

ISOTHERM

CONC.
RANGE

C
C

¢
?

3.6
*.6

0.653
0.551

0,401
¢.3265

0.718
0.299

l'H +1

+1 4+

41+

14.5%
14.0%

6.8%
10.0%

16.5%
31.3%

70

0.00

0.054

0.00

LANGMUIR
1S0THERM

DATE
O)t. 1983

1SOTHERM
CONC. .
RANGE

c

non ® non-adsorbable concentration, mg TOC / %
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FIGURE 4.4 Adsorption and Desorption Isotherms of Phenol.
(after Snoeyink et =1 (1969)) :
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{sotherms for two massea of Columbla LC carbon obtalined by 5Snoeyink
et ol (1969} which are good examples of partially f(rreversible
adsorption. These desorption Isotherms were obtained from multiple
desorption cycles and the solid triangles and circles represent the
conditions at the énd of a cycle.. The cycles were stopped when phenol
no longer desorbed, thus the left end of the desorption faotherm Is
horizontal.

4.2.1 1,1,2-Trichlorgethane Desorption [sotherm

Appendix C3 and Fligure 4.5 show the datas of two desorption
lsotherms which yleld points slight!ly below those of the adsorption
. {sotherm. However, error analysis (see appendices El & E2) showed that
the 951 confidence interval of the adsorption and desorption. {sotherms

over lapped, ln\ply that observed differences were the result of

experimental error. ~thlr‘d desorption {sotherm was conducted to check

If the bqfferingvof the 'sorption distll!e::l- water was the cause of the
ocbserved be-hawour. '[wo carbon dosages were used with OFW buffered in
four different ways. _’ The buffering only caused negligible differences,
and these data are shown by theswo solid squares in Fligure 4§J T_hI.JS.
the adsorption of TCEA is completely reversible. |

' The complete reversibility was expected as Weber and Pirbaiari
(1983) found carbon tefrachlprlde to be adsorbed reversibly onto the
same brand of carbon as used in this study. Experiments wlith
p-nitrophenol on BIO Il GAC (Merk et al (1%80)), and 3,5-dimethylphenol
and 3.5-dichlorophgnol respectively on %03!7 and HD 3000 GAC (Thacker
et gl- (1981)) have shown complete reversibidity. Yet other cases of

N .

relafl-vely small adsorbate molecules such as phenol and p~nitrophenol on

. Columbia LC carbon (Snoeyink gt &1 (1969)) and p-nitrophenol on Nuchar
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C~1000 (Mattsaon and Mark (1971)) indicate that there {s some
irreversibility. Therefore, the relatively little information avalilable
on the desorption of low molecular welght organics !s Inconclualve.

4.2.2 Fauquler River Hatef Desorption lsgtherm

The desorption 1{sotherm for FRW ts shown in Figure 4.6 and
1isted In _Append[x c4. The dashed 11ne In th]S"greph represents the
results of the desocptlon {sotherm, but as discussed In- section 4.2, It
{3 not the desorption l;otherm.‘ Aa the result of the hysteresis, this
experiment ylelds a set of desorptjon {sotherms, represented by 1 ines
connecting the ,éauillbrlum conditlcim before and after the desorption
experiment (Figure A.?). In order to obtain a complete |soth3¥m several
desorption cycles must be conducted. In this particular study, due to
the 1imited extent of desorption of the background organics the
equlilibrium desorption concentrations are very low, and a .second
desorption cycle uouia have yielded littie additlongl infor on.

| The apparent {rreversibie adﬁorption of the FRNW nics may
actually be reversible, but then the desorption kinetics would have to
be extremely slow. It should be noteg that the contact period of the
deqprptlon cycle was one week longer than the adsorption cycle an& that,
as shown In section 5.3.2, the kinetics of adsorption are among the
slowest r;;ported to date for aqueouswph}e\\_adsorption. Thus' if the
) apparent irreberslbillty fs a kinetics. cgﬁirolled phenomenon.‘ the
kinetlcsv\afe so slow that for all practical applications of GAC
' adsorbers, 'tﬁg adsorption of FRW organics would be essentially

&

irreversible. ' ‘ S

The highly firreversible adsorption of FRW was expected .as humlés

are known to be removed mainly by the slow adsorption mechani sm, which

P
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is hybotheslzed to be caused by sterfc hindrances or slow chemical
reactions. And these same mechanisms are likely to cause Irreversible
adsorption. This is supported quatitalively by the research of Snoeyink
et al (1969) on the adsorption and desorption of p-nitrophenol on Nuchar
C-100. During the desorption cycles, they “observed only a slight
hysteresls effect when 20 minute adsorption and desorption cycles Qere
performed (l.e., non equllibélum). and they observed substantial

-hysteresis when 10 day adsorption and 3 day desorption cycles were
conducfed. In the short adsorption cycles, the slow adsorption
mechanism Is expected to have a negligible effect and thus thé above

hypothesis would predict the ’hall hysteresfis effect cbserved. In the

long contact experiments, tR s)ow adsorption mechanism 1s expected to

play an important role

thus significant IrreQErsiBility. would be
eiﬁected. ‘ ‘ -

The high degree of Irreversibility was also expected based on
desorption data fn the I|fterature on other high molecular welight
orgahiés. Razzaghi (1976} had similar findings with Dextran T 70
(MW = 70,000}, bovine serum albumin MW =~ 69,000) and lignosulfonate
(MW =~ 68,000). Thus steric hindrances are a plausible explanation of
thg ﬁechanlsm. Yet given sufficient ‘tjme. these hlndrgnces should not
restrict desorption,. and thus chemical reaction ls' a more likely
explanation of the {rreversible a&sorptlon. The relationship between
molecular weight and {rreversible adsorption may bé due to larger
molecules being more reactive with the activated carbon surface. To
evaluate éhe contribution of the two mechanisms more exp;rimentatlon fs

'required. Since'chemisorptlon increases with temperature, adsorption -

desorption tests at different »temperatures may help distinguish between
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the two proposed mechaniams.

The modeling of desorption [sotherms (s an area that has
recelved 1imited attention. DI Toro and Horzempa (1982) developed two
very simplistic models based on their tests of the adsorption and
desorption of PCBs on clays and sediments. Although very useful, 1t is
questfonable whether these models can be applied to -systems with non
linear 1{sotherms as some of the accompanying assumptions are cleariy
alded by the llnearity of the data studled.‘ In'order to describe all of
the dats generated by desorption {sotherms with a singte equation, the
following models will he tpstéd. The first assumes that the desorptloﬁ ‘

fsotherm was a straight line, thus

~ 9%es'=qtar (cdes'c)g_ ) (4.4)
where ngg-s equilibrium solid phase E&ncentratton after the
' desorption cycle, g/9; "
qQ = equilibrium solid phase concentration before the )
desorption cycle, 9/9;
a = slope, cm®/g;
Cdes = equilibrium iquid phase concentration after the
desorptlén cycle, g/cm>; and, '
¢ = equilibrfum liquid éhase concentration after the
| adsorption cycle, g/cm’. ) )
It was also assumed that the slope was an exponentia) function of q, In
order to have a slpgle equation to describe ail the desorption Isotherms,
Thus L .
| 8=gl-gq¥- 3 (4.5)
where gl and 92 are constants ;hose value is obtafned by'regresslon. As .

it can be seen on Figure 4.8, the desorption of the background organfcs
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can be descrlbed well by the abo@e,model.
The second model was Intended For use in conJunctlon with the
mult i component modellng. so 1t - aas glven the form of a Freundlich

Isotherm. This model fs as follows: - '~

: gz (@3 * a )
%Ues =9l © 9 Cgeq . (4.6)

where ‘gl. g2, g3 and g4 are constants Table 4.3 presents the results of
Y

the regression of the FRW desorptlon data by equations 4. 4 “and 4.6. The
sults of the regression by equatlon 4.6 .are presented in gigure 4.9,
Th s%: models describe well the Ilmlted\amount of data availa;}e, but
mote‘desorptlon data involving several desorption cycles is requlred to
establ[sh the sultabillty of these models., :

4.3 BISOLUTE ADSORPT!ON EXPERIHENTS

As outlined in section 3.4, adsorption fsotherms were conducted

with three different mixtures of FRW .and TCEA. In order to simulate the

\

treatment of toxlc spills, the blsolute equllibrium exper iments utlllzed |
substantfally hlgher TCEA concentrations than would be found under

normal conditions at water treatment plants. Sfnce there are two

compounds present, éach-experiment yields one adsorption isotherm fbr

each compound. The results, of these experiments are presented in

Appendix DI1. ' Figure 4.10 shéws the TCEA adsorﬁtlon isotherm from .
fsotherm H-1 and its repeat F-IB. The solid curve on top is the slnglé

solute TCEA fsotherm. This figure indicates that thpre fs a significant

loss In ‘adsorption capactty due to competition. As the liquid

concentration.lncreases. the Ioading first Increases, then leveis off,

and‘ finally appears tq 'dfop.. Slmilaf drops have beip shown by Hart;n

and Al-Bahrani (1977)) Erick and Sontheimer (1983) and Crittenden et &
(1984).



TABLE 4.3 Regression of the FRW Desorptfon lsotherms

e e e e e e e e ———————— e
HODEL 4.4 MODEL 4.6
ool 0.1323 * 1.237
g2 0.5216 0.9349
a3 - ] 0.6843E-2
g4 - 0.4138
S sum of 0.056197 0.106365 -
squares

———————— T - T S o —— ] ot M ot B B e
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O experiment §1; °
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To assess the possible contribution of experimental error to the

observed drop, the observations and their 95 percent confidence Interval
(see appendix El) was plotted in Figure 4.11. From this graph it is
obgious that dJ: to the large error, the drop could be the result of
expérlmental inaccuracies. The best way to study this phenomenon while
red@?!ng the experimental error would be.to-‘conduct {sotherms with a
mlcr?column system like those proposed by Bilello and Beaudet (i983).

; The, other two TCEA competitive fsotherms are shown in Figure
4;15. and show a- simfiar pattern to that of the first experiment. The
confidencé .Intervals of these two experiments had thé same“pattﬁrn as
those of lthg first cdﬁpe;lf!ve fsotherm. The 3ecqp& experiment, -shown
as the.triangtes. fn Figure 4.12, had a somew%at squarish [sotherm. ‘This
is probably the result of the 3.6.to‘5 times higher ratio of TOC to TCEA
in the lnltIaIAconcentrafiohs. The two;fsotherms with similar initial
TCEA concentrations and Fairly different,;nltlal TOC concentrations show
that deccéaslhg the ‘;pc initial coﬁéeﬁtf&tlon significantly increases
the TCEA jocading. Flguré 4.13 shows a similar increase In capacity when

the initial TCEA concentration is increased.

The competitive -lsotherms of the naturally occurring organics’

are ;howq _!n figure 4.14, along with the single solute isctherm. The
differences between these isotherms is. mlnor; thus the‘preaence of TCEA
only sllghtly aFFects the FRW adsorption capacity.

’ The maln results oF these experlments are as Follows.' First,
.the adsorptlon of TCEA, the weaker adsorblng,compound. was greatly
: afFected by the initial 'concéntrat{ons oflboth compouﬁds. Second, the
, adsofptl;n of TCEA was greatlytreduced by the presence qof the natural

organics, particularly as the equilibrium 1iquid phase'conccntratlon

yot
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approached the Initial concentration. Third, on the other hand, the
adsorption capaclity of the fRW organics was almost unaffected. Since
the background organics adsorb much better than the TCEA, prcbably some

of these organics adsorb onto sites where there Is no competition. This

was somewhat expected as the compounds studied have very different

molecular weights, and McCreary and Snoeyink (1980) discussed that this
would be expected fn such a situstion.

4.4 BISOLUTE ISOTHERM MODEL [NG WITH PREDICTIVE MODELS:

This section will discuss the application of many of the models
d!ifussed fn section 2.2.3 and of that described 1in the prevfdus
secf?on. to the FRW organics - TCEA data. The majofity of the
competitive models are based on assumptions that require that all
calculations be conducted on a molar basis. The background organics are
composed of g?oups of molégules with widely different molecular weights.
Although- the moleculbr'weight distribution of these organfcs could be
measured, 83 dl;cussed in section 2.3 there is sign{ficant controversy
about the correctness of the different methoqs. since many yield wfdely
different results for the same substance. Thus, It was assumed that the -

FRW organics had a constant molecular weight, expected to be in the

range of the average molecular uelqpt reported in  the literature. As

the actual ofganlc carbon composition of the baékground organics is also
Unknowﬁ. the reg;essions of the, competitive data will be-used.to
determine the average TOC per fmole of these_orgénlcs. Based on reports
In the Iitératdre. the molecular weight 1s expected to be aﬁproxtmatély
twice the TOC per mole ratfo. - o

Since it was shown that the error for the points with higher

equilibrium 1iquid phase concehtratlons was very large, it was declided
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to limit the anaiysfs to points with a maximum error of 25 percent
(where tﬁe error s defined as the difference between the loading and
fts upper 95 percent confidence interval).

The Initial’ evaluation of the models described n the 1iterature
was restricted to the predictive models. Simulations were conducted
with different assumed moleculf weights to detect t}ie sensitivity of
the models to this parameter.

The Jain and Snoeyink (1973) model was tested and found to yield
some reasonable predictions at high values, but 1t was very poor at low
values, This was mostly caused by the single solute Langmuir {sotherms
.descr!blng the data poorly ovgr the lower région. Using two different
Lungmulrl models -over different regions to improve the slmulations;
created great dfsuontlnulties at the points where one model ‘ was
substituted for the other, due to the' sudden changes in the values of b.
Due to these problems. this model was dlscar‘ded )

The 1AS model was Found to predict fairly well the adsor-ptlon of -
the FRW organics, but to underestlmate the TCEA adsorption capac!ty
Thus a medel with a non-conpetlt!ve term for the FRW organic model might
_improve the slmulutlon of this data. o ‘ |

- The SCAH model does not fit the data ell; 1t underestimates the
adsorption capachlty‘ of 'b'oth cabonents.; ihe&rwtivlty analysis shows
that the mo]ecuiar welght of FRW organlcs should be significantly higher
than 800 to Irrprove the TCEA slrnu!atlons and ‘lower than 400 to improve
the FRW organics simulations. 7:-Since it would theref'ure be impossible to .
improve the simulations of SCAM by adjusting ;hu molécular weight, this
model was also judged unsuitable For‘_ thlu appll&atiun." Tije appllcatloh

of the‘ modified SCAM model, described ‘fn.- the previous section, is -
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dlscussed below.

The Yonge and Kelnath (1984) model was not tested since it would
have ytelded poorer predictions than SCAM. This 1{s because {t [s a
modification of SCAM that ylelds_solld phase loading equal to‘pr lower
than SCAM. | ‘

The self calibrétlon method described by Razzagh! (1976) for her
model was tried but found to be unworkable for the data investigated;
However, as this model contatns non-competitive terms It has a good
potential for describing the data, and thus it will be considered with
the other regressfon based models.

Thﬁs the predictive models presently available could not predict
the data obtalned In this study. The most Iikely reason is that there
arg’ adsorption sites uhefe there is no competition, a posslbiifty not
allowed for by most the models tested. As a reéult. the
regression-based models considered in section 4.671nclude this feature,
l.e..‘ the Razzaghi (1976} modet, aﬁd a new model broposéd In the
following séctlon. P
4.5 PROPOSED COMPETITIVE ISOTHERM HODEL

This model is. based on the premise that nof all of the
adsorption sites are avallable for coméetitlon. and thét adsérptlon on
‘T.the ' competitive sites can be described by the SCAM moael (see Section
2.2.3.1). It further assumes that the single solute component Isotherms
can be descrlbed by Freundtich isotheﬁms. and the_fréctlon of tﬁe
adsbrbt!on capacities lnvgtvéd in competition are constant, regardless
of the concentrétion. Thus the mode! is

' Ny ng 1/n° NC ng /0’ (n°-1)

qi = (l'“i).ki.c + KT'(wi'_}(l.'C| } - ((Z (NJkJ/K')'CJ ). )
. J=1 ’ {4.7)
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ke {7 =13/n")

where KT = H
F
NC (I/NC) '
K =(n (wJ-kJ) ) 3
‘ J=1
L NC
n" = (I/NC) - £ ny ; _ .
J=1
f = component index H .
NC = total number of components; and,
¥y = fraction of the adsorption capacity of solute | which occurs

at sites where co&petitlon will occur.
The first term of the‘right hand side of equation 4.7 represents the
non-competitive adsorption. The second term represents the competitive
adsorbtion and ft fs the same as the SCAM model except that it uses the
fraction 'oF the adsorption of éach conpoi.md fnvolved in competition.
This Is achieved by replacing the FreundHch Isptherm coefficients, k,
by Wy k,. Due to the qeneral form of this nZ§el (equation 4.7) it can
be used to describe systems wlth any number of solutes.

Because the wvaiue of the competitive fractions can only be
obtained from con'petitive experiments, this is a regresslon based model .
This model will be called modified SCAM. (MSCAM). A
4.6 BISOLUTE "[SOTHERM HODELING WITH REGRESSION BASED HObgLS

The” regressl.o_n based models tested in this s-ection are the

Razzbgh! (1976) model and thef' .HSCAH mode| (section 4.5). Trlrese. ‘models
were choseh because they contain non-competitive .tenn'.-,. and the model ing ’
of th_e. dats obtained In this study appeared to require such terms
(section 4.4). -

The regressed paranetérs for botﬁ thése'models we‘re the fraction
" of the adsorptive r.;apaclty of component 1  {nvolved In competitive

adsorption (w,), the analogous term for cqnpoc-\ent 2 {w2) and the average

 TOC per mole of. background 6r§anics MWl. The background organics are _
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congidered as component I.  The subroutine has no restriction on the
‘values generated for the regressed parameters (BETA(I). BETA(2} and
BETA(3)) other than the machine l!mlts; Since ¥ and w, can only have

values between 0 and 1, the program utilizes the following relationships

Wi = L. / (1+ABS(BETA(3)) (4.8)
W2 = 1. / (1+ABS(BETA(2)) (4.9)
MWL = BETA(I) : (4.10)

. -
fn order to . ensure that Y1 and wp have feasible values. Due to the

nature of the HéCAH and the Razzagh! models, MW1, BETA(2) and BETA(3)
are expected to be highly*correlated and the confidence Intervals of the
parameters will be very wlde,

The Razzagh! and MSCAM models were calibrated using the programs
RAZZI0 and MSIAS, respectively, uhlgh are listed In Appendlces H1 ané
H2. The two_non Tinear equations representing these models were solved
simultaneously using the iMSL (1982) routine ZSPOW based on Newton’s
methea wlth finite difference approximations for the,Jacobfan. The
regression was carried out using the parameter ‘estlmatlon routine
developed by Jutan (1976) For multiresponse data. This program fs based
en the Bayesian approach. which can be used to derive the least squares
: parameter estlmatlon method for the slngle rezﬁonse . case. Thls
alqorlthm uses the Hilson (l970) approach and it actually minimizes the
determinant of the variance . covan&ance matrix of the residuals, D.

Regressions were conducted of the three competltlve Isotherms.
wlth different lnitfal cohcentratlons. both indlvldually and cbmblﬁed
The results of ' these calculatlons are: shown fn Table 4 4. which yields

two general characteristics. --First, comparlng the fits of both models



TABLE 4.4 Results of the Regression of the Competitive lsotherms

MODEL EXPER- MWl BETA(2) BETA(3) D sS
IMENT EST. o EST. -] EST. o

. MIBMIB 317 454 -0.394 0.764 1.580 2.82 0.2586E-8

M2 1327 3451 -0.137 0.876 -1.40 5.81 0.4121E-9

RAZZAGH]I .
M3 457 265 0.370 0.285 3.93 2.47 0.1787€-11
ALL 176 61.8 0.305 0.159 .602 .506 0.9934E-9 0.484
ALL  76.8 15.5 0.542 0.335 5.22 1.85 0.12614E-8 0.447
‘ M3  69.7 22.2 0.226-6 7.84 13.8 90.7 0.6918E-11
MSCAM ‘

M2  75.7 543 0.529, 2.57 5.13 12.95 0.444E-9

MIBMIB 76.7 145 6.446 6.53 5.63 32.4 0.4330E-8

= Actually regressed MWl = TOC/mole,
BETA(2) = (l./w3)-1, and .
BETA(3) = (1./w;3)-1.

- D "= variance covariance matrix of the residuals

= S5 = sum of squares

94
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for all the data, the Razzéghl model yields a sllght?y smaller
determinant D than the HSCAM, but a siighly higher sum of squares. This
indicates that both models fit the data equally well. The plotted
results, such as Figures 4.15 _and 4.16, give a simiiar appraisal.
Second, comparison of the parameter values obtained by analyzing the
individual exper{ments with the parameters of the coubihed data, showed
that the MSCAM model has fairly con;lstent values while the Razzaghi
model does-not. For this reason the MSCAM model was chosen for the
analysls ot_’ later adsorption ttperimenté‘. One small drawback of this
rnodél fs that It does not yleld B smooth curve when the Freundl Ich
Isotherm of the background organics Is changed from one section to the
next. '

Due to the uncertainty of the estimated parameters from both
models, thé interpretation c;f these results should be conducted with
cautfbn._ B-oth models show that approximately 60 percent of the TCEA is
_ adsorbed conpet‘itively. The régressions NH\:h the Razzaghi model
estimate that about 60 percent of the background orgénics.are invoived
1n- compet Itive adsorption while the r‘egresslons using the MSCAM model
assess this fraction as l16-percent.. Despite these differences, both ‘
" models which contatned non-competitive terms described the data well,

'wh“l'l'e‘others which did not t;se su‘ch terms were not as successful. Thus
_ft is 1lkely that some sites can adsorb only TCEA or.FRW., and other
's_ltes can adsorb both, with competitive adsorption oc‘currlng only at the
second type of slte. , | _

‘ The Rszaghl mode 1 estimates that the average molecular weight
of the organics {s approximately 350, while the estimate of the other

" model 1s half of this value. Both these values are low when compared to
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those in Table 2.1, andkhthis is possibly’ caused by the fact that the -
e models tested atg too simbllstic to describe the dBmplex process being
studied. However, this could also be the resuit of the lower mélecular
fraction .controlling the adsorption of all the backéround organics.
McCreary and Snoeyink (1980} found the fsotherm of the unfractionsted
solution of soll fulvic acld to be similar to that of the smallest
molecular weight fractfon, despite the fact that this fraction composed
only 23 per&ent of %he organics, This result is surprlslqg since the
general trend f{s ntﬁat increases in the molecular welght resJ;t in
' decreases In the solubflity and increases in the adsorption capacities.
The uncharacteristic results observed by_HcCrgary and Snceyink (1980)
may originate from differences In thé behaviour of sol) aﬁd aquatic
humics. For example the adsorption capacity of the soil fulvic acids

used by the above researchers was about one order of magnitude smaller

than that: of the FRW.



CHAPTER FIVE

BATCH KINET]C EXPERIMENTS
v

-

5.1 SINGLE COMPONENT ADSORPTION KINETIC MODEL ING

The dual rate kinetfc model based on the homogeneous solid
surface diffusion developed by Peel (1980) will be used to simulate the
results of the kinetic studies. It was chosen because It has been shown

to describe adsorption of a varfety of different organics, including

Y

treated"lake.\water, and the FRW organics are expected to behave
similarly, As discussed in sectlon 2, ; 2, researchers using the'
conventional surface ‘diffusion model were not as successful fn model ing
humlc substances.A- In any case, by changing the values -oF two
parameters. this mode | reduces to the homogeneous solid surface
le?uslon s0 that 1t can easlly be used for comparisons.

Ae explalned in sectlon 2.2.4, Peel observed that edsorption"

_ occurred In ~two widely different rates The rapld adsorption uas -

attrlbuted to unhindered mass transfer occurring in the targer pores.

The slower adsorptlon was suspected to occur In the remaining pores.

wlth radlii of - comparable size to the adsorblng molecule. thus hindering

the mass transfer rates. These two . types of pores heve been called

macropores and"mlcropores. however these names are unrelated to the

‘conventional deFlnltlons given to these terms. Figure 5.1 presents a

schematic oF the proposed model. The mass transfer fnvolves 1) llquld

99
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" FIGURE 5.1 Conceptual Diagram of Proposed Branched Pore Hodel .
. (after Peel (1980))
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f1lm resistance,. i) adsorption onto the surface of the particle, iil)

-

entrance - to the particle via the macropores, |v)transport towards the

interior of the particfe within the'macropores via surface diffusion, v}

-

ﬁimultaneous'transport. onto the micropores or branch pores which are

distributed throughout the particle. For & more detalled discussion
refer to Peel {(1980).
The equations describing the pertinent differential mass

balances are: .

Liquid Phase Balance in the Batch Reactor

—— g mmme—— % —m- A(c'— CS;) . (5.1)

E
3]
i |
1]
n‘
1

= bulk tiquid phase concentration, g/cma:

kf = external mass transfer coefflicient, cm/sec;.

™
i}

liquid volume fraction In the kinetic bottles;

X
i]

particle radius, cm;

‘c5'= liquid phase concentration at the surf&ce of the paétltles..j
g/cm?; and, N |

t = time variable, sec.

Macropore Mass gglénce

3qg” Dg 2 g’ - 3
o> (p2 2T - Ry, . (5.2)

at r? ar ar

" In which f = fraction of the tota! particle capacfty iﬂ.thé

| - macropores; ’ -

. q,’= solid phése concentration fn the macropores, g/g;
D, = surface diffusivity in the macropores, cm2/98§:
r = particle radlal variabl;. cm; and,

Ry = local rate of transfer,g/g/t.

-
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Micropore Mass Balance

aq,”’ . . S
(1-F) = = ky (an’-9p’) = Rp (5.3)
ot ‘

where q.’= solid phase concentration in the branch pores; g/g; and,
p = bseudo inass transfer coefficient for transport to the

branch pofes.

Liquid Phase - Solid Phase Boundary Condition

a r
F - Ds . pc "'3“ = kf (C"Cs') (5'4)

ar Rp

where p. = carbon density of the carbon particles, g/cma-
Equation 5.4 is obtained by equating the liquid phase and sol {d phase
'Fluxes at the surface and on the assumption that only the macroporous

region 1s avallable,for radial transport. '

The {nitlal and boundary conditions for this model are:

Qp'(rs0) = 0 ‘ . (5.5)
qy’(ry0) = 0 ' | (5.6)
a‘ ’ ..

S0ty =0 - (5.7)
or
G’ (Rpet) = glcg (£)) '- (5.8)

Fquation 5.8 sttpulates that the solid phase concentration at the outer
surface of the carbon grain s In equilibrium with the immediately
-adjacent 1iquid phase concentration. Thus gl{cg’) s the isotherm model
expression which is identified and calfbrated by analyzing the batch
{sotherm data.

It should also be noted that .the total sofid -phase
concentration, QT'. at pny.pqint along the radius is

ap’(r.t) = £ © Gy’ (ryt) + (1-F) = Gy (r,t) - (5.9)



Té transform the model to a dimensionless

were used:
C =c¢’/co’ ‘
Q= ag'/q0”
Q= ap’/a0’
@ =Dg "t/ (Ry)?
B =r/ Rp

"where cg'=
. qo'=

And equations 5 1 to 5.8 became

.dC
. = F1 - BIF - (C-C s)
L de
¢ " p .
3Q, 1 3 3 BIP -
it (- B SRy { W, W
3@ pg?ap ap f %0
. 3Q, BIP
A R H=— e (Qm Qb)
. ae . (1- F)
A, BIF + BIGF -
e S (C-C,)
ag lg=| 3F

where BIF = 3 - ke - R, ! Dg

"BIP = ky * (Rp)?

FI. =-(l~e) /e
. CQ .
BIGF = ——----

* The Initlal and ‘boundary conditions became
c(o) = 1.

Qn(B,0) = 0.

Q (8.0} = 0
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form the following variables

(5.10)
(5.11)
(5.12)
(§.l3)

(5.14)

initial Ilquid phase concentration.'g/cmai and,

solid phase concentration_ in equtlibrlum with co’» g/g

(5.15)
(5.16)
(517

(5.18)

(5.19)
(5.20)
{5.21)

(5.22) -

(5.23)
(5.24)
" ({5.25)
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aQ i ‘ -

—-Po,t) = 0. o : (5.26)
28 . : .
- Qpl,t) = gleg”) ‘ (5.27)

Equations 5.16 through 5.27 were solved using orthogonal
coljocatlon {(Villadsen and étewart (1967)) which transferms these
partial differential equations (PﬁEs) into a set _of: ordinary
differential equatfons (ODEs) in time. This s desirable’ becaﬁse ODEs’

. can be integrated numerically by tecpeiques, sucﬁ‘ as the Rungé-Kptta
method, wh}ch are more accurate than the solution of PDEs by finite
difference analegues. If a small alze {ntegration step, hr is uéed.:the.‘

. error {n the solution of'ODEs is-proportionaf to h™, while‘that“ef,the
PDEs 1s'proportfonal to h or hz.  Thl$.permits:the ese 'pf larger step
,size. which results in a faster solution tcr!ttenden ét‘ar} 1980).
Appendix Fl presents a brief descriptlon of orthogonal collocation and
its‘appllcatton to equations 5 16 and 5. 27. for a detailed descrlption

"oFfthis technlque. refer to Villadéen and_Stewart (1967). -

Orthogonal collocation has been Found successful. by, Crittenden,

t al (l980) and Thacker et al (1981) in solving a conventlona] surface

diffusion model.‘ It has also - been used for a pore diffusion model

(Llapls and Rippin (1977)) and the combineg‘ pore = surface diffusion

. .model (Neretnieks (1976)). "y o,y
A computer program, called SE;LSQ- which appiles this ﬁechnique.
to the dual rate model. is presented ln Appendix F3. This program eas
tested using the phenol data and mase transfer coeFficlents by Peel
(1980) anq it was fbund to yleld very similar results (see Appendlx FZ).
The eumerlcal inteqretion was carried ‘out by the IMSL (1982) r0ut1ne/"“\
- DGEAR which edjusts the time steps so as to meet error constreints.

The ~above - simuletions uslng orthogonal collocation useg two N
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Internal collocation polints, as jncreaaing the nuﬁoer of polints to three
changed the solutlon' oniy in thelfourth'_slgnffleantfkigure. Thacker
et al (1981) observed similar resutts. Liapf; and .Rippin (1977) and
Neretnieks- (1976)‘Found lt.necessary to use sf¥ 1nternal coliocatlon i
points to obtafn the same accuracy. butathls'was thouoht to-be caused by
the sllghtly dlfferent nature of thelr. models (1.e., pore dlffusion)
-However, fn using the collocatlon technique with the data generated in
. ‘this study. ftrlqasrfound that the TCEA.and fRH slmulatlons requlred
.respectfvely‘A and 5 lnternai collocation points beFore;an additlonai'
ooint.jntroduced-a ‘change‘ln only the Fourth slgnlflcantlfioure. Thus
tive lnternal collocation polnts were chosen For all the calculations
The iarge dIFFerence in the number of collocation points required to
obtafn the same accuracy for the phenol data of Peel {1980) and the data
in ‘this study were not: studled Further. However. there were substantlai
differences 1In the values of the concentrations. the mass transfer -
coeFficlents. and the~ Isptherm_coefflclents. which lndlcates the need
For careful pretesting beFors uuslng lorthogonai' collocation ‘in’any
applfcatlon | |

5.2 APPLICATION OF THE MODEL _TO THE SINGLE COMPONENT BATCH KINETICS

The singie component k[net]cs experiments were regressed uslng a
non linear least square‘routlne (UHHAUS._HcHasteF University Computing
Centre). The data of the twofaolutes were analyzed using both the Peet
[(1980) dual rate model and the -homooeneous sol1d surface diffusion -
model. - o o

5.2.1 T'richlgrxthane Kinetlcs
" The dats of the 45 polnt ‘1 /1,2-trichloroethane batch kinétics

tests are tabulated In Appendix Gl, and are shown in Flgure 5.2. As ft

H
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" can be seen from this graph, the adsorption occurs relatlvely repldly, o
reaching equflibrfum In about Four days The adsorptlon capacltyl__,
observed In this test wes about 28 percent larger than expected from the
‘PAC _Isotherms Thls was surprising slnce ‘the adsorptlon capaclty uos'
expected to be the same or sllqhtly higher for the. PAC because of lts;'
slightly hlgher ‘surface’ area Two sets oF carbon dosages oF both PAC and
GAC were tested to conFlrm thls Flndlng These tests conFlrmed the _
higher - capacity of the GAC and they showed that both lsotherms had the oo -
same slope. Lee and Snoeylnk (1980) had slmllar‘ results wlth a humlc. |
: acld solutfon adsorbed onto-F 400.‘ The 40 =60 mesh - Fractlon they used in
‘the_ klnetlc experlments .. was obtalned by slevlng and the powdered.-
_actlvated carbon used - In the batch lsotherms was obtained by pulverlzing .
l the GAC. larger then ‘40 mesh Based on thls. Lee and Snoeylnk (1980)n'
speculated that due to thelr slze the larger'GAC partlcles were not
completely ectlvated to thelr centres. resultlng in a PAC which was less
-iadsorptlve per unlt mass than the 40—60 mesh GAC Slnce ln thls study

the PAC was elso obtalnedgpy grlndlng the GAC partlcles larger than,40, -

- mesh;, the same explanatlon may be appllcable. To ellminate theu

‘.'posslblllty of a lesser degree oF actlvatlon ln larger carbon partlcles.- A
;lt 1s recommended that the PAC used For lsotherms be Dbtalned by"

rxgrlndlng the GAC to be used ln the klnetlc experiments.-r' ‘ :_t

. ' A lt vas not posslble to repeat the lsotherms wlth GAC. the
;adsorptlpn laotherms used ln " the klzitlc modeling was adjusted to- the. _

h{gher adsorption capaclty.- The tests conducted lndicated that the -

h'exponent of the" Freundllch lsotherm For the GAC qu the same as that oF"'

"the PAC thus the "k“"coefficlent was.olncreased by the ratfo of the4‘

observed loadlng to the expected loadlng Ftom the PAC
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The results of the regression oF these data are shown ‘In Figures
5.2 and 5.3, and in Table 5.1. As can pe seen From these graphs. there.
" {s almost no difference'between the simuiations by ‘the two models. ‘-The_
simiiarities are also reflected In Tabie 5.1, as the sums of squares '
only differ by 1.5 percent The conFidence intervals .of the parametets .
* of the homogeneous soiid surFace diffusion (HSSD) mode|--are about 17% of
“ the estimated parameters.z whlle those of the duai rate modei are - much
' iarger For exampie. the confidence interval of € (i €.y the ‘Fraction i
‘of the - edsorption capacity in the macropores) almost reaches up to i.
and the confidence intervel of the surface dIFFusion ‘ranges into‘
negative values. Due to these results. the branch pore transFer' .
resistance s not required, and the HSSD modei was chosen to represent '
the kinetics of this'compoundt‘

Since there was no kinetic n#ormation'in_‘the iiterature'For _

' _‘this” particuia compound. only order of megnitude comparisons with

similar compounds are possible. Heber and Plrbazari (1983) studied the
-j kinetics .joF_ carbon . tetrachloride : adsorption ; with .pn initiai -
_concentration of 186 ug/z. These' investigators found that the-above :
- experinent was described by the HSSD modei with by = 3.0 X 10"°
| 2/sec. in essentiai eggreement with the vaiue obtained in this study
(1. e 2. 16 X lD"10 /sec) Since the film mass transfer coefflcient
'is a function of the hydrodynamics oF the kinetic .apparatus, the vaiues
) of kf‘obtained'by thts'study and those obtained by Heber and Pirbazari

(1983) should not be compared

"5 2. 2 fggggier River Hgter Orggg];;

The data of the kinetics test of the background“organics are

tabulated i Appendlx G2 and-are shown in. Figure 5.4, :as a reduced



TABLE 5.1 Regressed Parameter values and thefr:
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95 cénfidence
Test

Intervals from the TCEA Batch Kinetic
) PEEL’S DUAL RATE MODEL
Sum of 10.12783 E-1
squares
ke 7.610 E- 3
(5.485E-3 - 9. 7355 3)

o, 5.093 E-10.
© (-8.393E-1) - k11036~ e)
"f - - 0.6460

(0. 3461 - 0 9459)

‘_-—_—_————-——-——_————_—--—-————_——_—_-—-——_—

ky- - 4.220 E-5
| (4.215E6 - 4. 225E-6)

HSSD HODEL '

e i - — 1 — —

7.144 E-3
(5.708€-3 - 8.579-3)

o — =t T e A v

2.165 E-10 - '
(1. BS?E-ID - 2. 473E 10)

e o 8 S R S =

- —

o o o A S L et e S
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eoncentretlon versus tlme graph.  The line in the greph 1s the result'of
the regression ahaT?Eleiuﬁilizlng Peel’s dual rate model.

Thek‘adsorptlon of these organics was very slow. I[n fact.,bhe
equflibrium llquid phase concentretlon For the condltlons of the test
conducted was 1. 769 mg' TAC/% {or c/cy = 0. 359). and aFter two weeks the

'llquld phese concentretlon had only dropped to about 3.10 mg TOC/2 (or -
c/co = 0.65). Honths of contact are probably required to reach
equtllbrlum. AThis slownees- r : comparable to that observed by Peel < R
(1980) and Randtke and Snoeylnk (1983). |

Flgure .5 5 shows thel results of the regresslon uslng the HSSD -
mode | and Table 5 2 shows the regressed values of the coefflclente and-‘A
thelr confldence Intervals. Surprlslngly. the HSSD model ylelded very

I~elmllar simulations to that of the dual rete model. Table 5.2 also -
-confirms these results as the' sum of squares oF the two mode!s dlffer by
only 2.5 perceht. The megnltude of the conFIdence lntervals Followed a.
-stmilar pattern to those of the TCEA klnetlcs. The. values of D For. the
-beckground organlcs obtelned ulth both. models are an order of megnltude:

‘lower than those‘For TCEA desplte the fect that humic concentratlons ere
one order. oF magnitude hlgher then those of TCEA Conslderlng the

"Lngeneral trend o decreaslng values of D wlth decreeslng concentratlon,

. a9 reported ln |lterature. the beckground organics of thls study adsorb .

Vvery slowly The HSSD model ues chosen slnce it represents the data

: vlrtuelly -as well as the dual rate “modet, and lt requlres a smeller ﬁid‘

. }xmputatlonal eFFort. The quellty of the flt by the HSSD model wq;

somewhat surprlslng in llght of Peel e Flndlngs for treeted lake water. ,:

However. lt shobld be notpd that these results Inde‘Fe that the slow :

adsorption mechenlsm represents\ vlrtually ell of the adsorption



TABLE 5.2

Regressed Parameter Values and their 95% Confldence

Intervals_ from the FRW Organics Batch Kinetic Test

112

|PEEL’S DUAL RATE MODEL ~ ~ HSSD MODEL
Sum of 5.03189 E-3 5.0459 E-3
squares ‘ ' .
" ke 4033 E-4 . 3.8ILE-4 -
(3.820E-5 - 7.684E-4) ~  (1.972E-4 - 5.65E-4)
D, LSTILE-N . g9 E-1z -
_ (“1.711€-10 - 2.1056-10) ~ . (B.644E-)2 - 1.0SIE-LY)
F .0.4850 . . o L )
- . (-4.256 - 5.226) o ‘
kg 2.443E-4 - o < 0.0 -
. (5.341E-5 — 4,352E~4) - - S
‘—'/ . .
.‘. -
. 7
5



observed.

Lee et al (1982) studied the kinetlcs of the adsorption’ of three

different humic solutions onto the same brand of cerbon.used ln this
study. Thelr regression of the data by the HSSD modef ylelded values of

1.7, 2.3, and 2.7 x 10‘“ cn?/sec which are onty’ slightly higher than

the 0.96 X 10°'! cm?/sec obtelned for FRH This represents fairly close

agreement consfdering the llkely differences 'between_ the hum!es of

different sources. _
. As mentioned~earllery the. adsorptton,mechanlen responstble-éor"
the slow ‘adeorptlon was hypotheaized to - also cause lrreversible
“.adsorptlon because both phenomena are caused by steric or thefical
re trlctlons The Iimited deta From these klnetlc experiments conFlrm
/ hls hypothesfs,,‘The TCEA adsorption. whlch showed no sfow edsorptlon.
was completfry reversfble. whereas the™ edsorption of the beckgroundb
: organlcs. whlch occurs almost entlrely by the slow adsorption mechanism.'
wes shown to be completely lrreversfble. Based on these results.
Bersfllon (1984) tested the edsorptfon oF phenol and found that 70
percent of the edsorption was: both irreverslble .and attributable to the;
' s]ow adsorptlon mechentsm. Herzing g__g_ (1977) conducted a cqumn runl ‘
with Z-methylisoborneol and obtefned a breekthrough typlcel oF those of
slow adsorblng compounds. A change In feed to dlstllled uater resulted . ‘
In elmost no desorptton. . These flndrngs lndlcate thet the slou [}'
adsorption mechanism and lrreverslble adsorptlon appear to be related,-:
but further conFlrmet!on _with a uider renge oF compounds 1s requfred
.. 5. 3 ﬂuLTICOhPONENT K}NET[C HODELS ‘

1._ Ae djscussed fn eect!on 2 2 4, most multlcomponent kinetle

s

. models are fdentical to slnqle component models. except that there is a'f
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set of equations to represent éach compouﬁd and they are linked by the
competltlQe fsotherm modél at the Interface boundary. However, most
ﬁodels assu&e no diffusional fInteractions, and .they are generally
applled without checking this assunption. The studies in this area
.found that significant leFu316hall interactfons exist when the single
component dlfFusletleS:Qarled by a factor greater than 2 ({Crittenden

‘(1976), Mathews and Weber (1980} and Merk et al (1980)), Since In this

éase‘they differ by a factor of 23, the Infrapartlcle cross diffusional .
{nteractions would probably have to be considered In order to simulate
the data. Therefore they will be included in the competitive adsorption:

model. In addltion the competltlve adsorption model will be Based on

N

.

the HSSD model as It was shown to be more practical for this particular

application

-

The bisclute model is then comprised of lidﬁid phase balances :
(equation 5.1), Intraparticle balances and the bourdary conditions for

both solutes.

L

lﬁtra Particle Balance with blffusional Interactions
331 =_-—:“‘—a—[r2 fﬁv] LT e 2y - t=l,NC (5.28)
at ro ar ar J=1r ar ar J#i
' &here'lr‘ = counter of the solute in question;
L ‘L’] = counter of the other solutes.
‘i Ds{|‘ slnqle solute dIFFusivlty. cm ]sec, and.

»
Dﬂlj' cross diffuslvity. ‘om ISGC-

Phase - Solfg Phase Boundary - o L .
spg ] T ke tegeg?) L L (5.29)
s T Pe 3r P TR el e |

) The thitial and boundary cond!tlons are as Follous



A (r,0) = 0 S (5.30)
. gy’ . '
--= (0,t) = 0 : - (5.31)
ar ‘ . _
q,'(Rp;t) = glcg](t)) J ‘ - (5.32)
The function of QICS;} In equation 5.32 is described by the HECAM model -
which was chosen from the analysis of the bisolute I_sotherm data.
This model( ‘can then be transformed to a _dlmens‘lon‘less form by thel
h following vartable changes. o ' . -
Cy = ci” / coj’ _ S . (5.33)
_ - Qp = a1’ /q0j” S S (5.34)°
B =r /R, | . (5.36)

And equations 5.1, 5.28 and 5.29 For component 1 become

dCl ) ‘ ‘ . !
-== = CORl (C, - Cs, ) o ; {5.37)
de . Y
) . . . : ’ i
v 3Q, | a aQ; 1 an o .

=== = - -=(@% =) ¢ CDSIZ -, - --(32 r=-) : © (5.38)
ag - g2 aa T3 8%’ 8 - a8 :
aQ, S . L
— = .CONI - _(Cl_cs: )y + - {5.39)
a =1~ o T i '

; _and for co‘nponent 2 .
dC2 : - . T . ’ Do ' ’ <,
~-- = CORZ: (c2 =Cg3) - T T o (5.40)
de ) 52.: S , . ‘ AR
Q; 19 ag, | o aay L
Tm- = CDS22 * - -=(B% ---) 4+ CDSZI -2--(8 emm) L (5.41)
ae . BT a7 ... 8BS a8 ap - ‘ R
Q3 Co N
---] = conz:.- ¢ (5.42)
ag |B=l T

. =(1-E)
where CORIL .= “=-u- “.3kg  / 05,4 :

(5.43)
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COR2 = B ke, / Dy, | ‘ (5.44)
CDSI2 = Dy, * 9g2° / (Dg,, Go1”) (5.45)
CDS22 = Dy, / Dy, : : (5.46)
COS21 = Dy, * G’ / (g, %270 | (5.47)
CONI. = _TS?}:_- .kffll_EE - ‘ S (5.48)
Pc " 9%1"  Dany )
conz = -0z . kel Rp - (5.49)

Pe * Gp2° Dg;, - ><:

" The Initial and boundary conditions bpcame

Cj(0) = 1.0 : _ (5.50)
e QB0 = 0 o ' (5.51)

aq : :

Yoty =0 - s (5.52)

JB . ’ .

Qq(l,t) = g(Cq) (5.53)

Equations 5.37 and 5.42 were solved by orthogdna_l collocattion in the

same manner as the single component model. The computer program which

56i0es the sbove equation to s$imulate the bisclute batch experimentl ]
listed in Appendix F4. , |

| ‘5.4: SIMULATION OF THE BISQLUTE BATCH KINETICS EXPERIMENT

o The results -df this " experiment are tisted-in appendix G3 and
théy__hrq shown' 1in F}hqres 5.6 and 5:7. These figures also show the
rnod;zl‘ ',pr‘g&ictlons obtalned uhen diffusional interactions are not

' aséqméﬁ.y As éan-be seen, there are some differpncegrbetuéen_the.actuql
a‘n.ct prﬁ!&gﬁ concentratlon histories. - The adsorption 'of i_‘l:CE.'\‘ (Figure

" 5.6). occurs faster, as If the FRW organics (Figure "5.7) push them, and

ET
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the FRW organics adsorb more slowly, as.IF_the faster adsorbing TCEA [s
Impeding the adsorption process. This type of behaviour {s slmllar_to
that observed by Mathews and Weber (1980) ina system where the stronger
adsorbing compound ailso dIFFuses substant}elly more slowly'than the
weaker ' adsorbing conpound. Hathews end 7Heber (1980) used dodecyl‘.
benzene sulfonate (DBS) as the stronger adsorblng compound. and phenol
as the weaker adsorbing compound which had a ‘surface dlffusiVity ebout )
14 tlmes Iarger than DBS. “ ‘

The kinetics data in this _study was then regressed to the-
blsolute mode | eith diFtusIonaI interactfons w!thln the ‘partlcle .The
regression was carrled out with the- multiresponse regression’ elgorlthm ’
developed by Jutan (1976) which _was dlscussed earlier, - lt Is of
Interest that the regressed values of the cross dIFFusion coefflcients

(Table 5*3) were not quite as expected FRH was considered as component

no. | and TCEA as component no. 2 In the bisclute batch kinetics, thus

. 0512 is the cross diffusion coefficlent of FRH resulting from the

-dlffusion of TCEA‘ As the adsorption of. FRH was slower than pred[cted

when dlffusional interaction are neglected. the regressed cross
diFfusion coeffic!ent. Dstz' was: expected to be negative. A simllar
comDerlSon for TCEA. indicated that Dy 21 ehou!d be p°51t|ve, Table 5.3

shows the Dszx was positive as expected. however Ds 12 was also
Y

‘positive. Tests with negetive valyes of 0512 produced good Flts in the

fnitial part of the experiment but lncreaslngly poor ones thereafter.
The positive values of Dy, ; demonstrates that the competitive odsorptfon.'

lnterectlons play an  extremely importent role in the’ klnetlcs. The

J

results of this analyals yleld the simulatlons\ shoun in Figures 5 8-and

5.9, which are s!qanicently better than those uhlch do not eccount For



TABLE 5.3 Estimates of the cross diffusfon coefficients regressed
from the batch kinetic experiment and their 95% Confidence

interval .
0512 DS 21
_ 3.75 E-10 1.10 E-11
(3.74E-10 - 3.76E-10) (1.10E-11 - 1.10E-11)

e e o o kb ek Y o e o o e o e e e S e ke A A S e 0 T o e e

~D = Cross diffusion coefficient of component 1 (VFRH)

as a result of the diffusion of component 2 {TCEA). . |
. R

-D = Cross diffusion coefficient of component 2 (TCEA)
: as a result of the diffusion of component 1 (FRW)

.-
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the diffusional Interactions. Therefore, as expected. it 1s necessary

to account for the di Ffusional interactlons when dealing wlth solutes of

Falrly different diffusivities of the type encountered in drlnklng water

applicatlons B o ’ )



CHAPTER SIX -

"COLUMN STUDY'AND'ENGINEER!NG IMPL ICATIONS:

6.1 ;uLunu STYDY

. The eqlump-eﬁudy uas divided into six phaees uifh-d!F?eeent feed
concentrations. - The dlfferent phases were ‘ Intended to repEeSent~
r-dlfferent s!tuatlons encountered by uater treatment 'GAC adsorbers
treatlng a water source that recelves occas!onal toxlc spills 'Although
biodegradation Is expected to be minimal sfnce TCEA and the background'
organ!cs ‘are not easity btodegradable. some precautlons were taken as

outlined In chapter 3. In add!tion. & control column packed with send_

’ was run ln parellel with the GAC column The eFFIuent concentrations “of-

the control column was essentielly the same as that of the feed.
Indicating that adsorption onto " the colum system and 'biodegradation
were 1insignificant. The data of the colum ‘study s reported in
. Appendix 11, o - R
6.1.1 Phase ] | o | |

The initial phase OF this . experimeﬁt was " intended to have a
. constant Feed composed oF l:l diluted FRW, spiked with TCEA _to have a
' concentrutfon oF 500 pg/t. Problems in the add{tion of TCEA resulted inr
somé lrregulerlties in the feed TCEA concentratlon.

The TCEA breekthrough (Figure 6.]) starts after 24 days, and by
the 42nd day the eFFIuent concentrat!on exceeds that oF the lnfluent

' 122 |
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Based on equilibrium calculations. 1f the feed contained only "I'-CEA tt\e
breekthrouqh would not’be expected untfl about the 62nd'day.-ﬁhlch shows
the slgnlflcent impact of competit}oh from the backgreend organics.
Based on the eompetitlve {sotherm, the breakthrdugh was expected after
30.5 days, which should be'compared with the m]ddie of tﬁe preekthrough
which occerred at ebout'33 days. Thue 'the'competltjve tsotherm'eives a
good general {ndication of the timlng of'the'.breakttrodgh. The 'TCEA

N overshoot observed after the 42nd day {s caused by the displacement of

. TCEA by competition.” This type oF behavlour has been widely reported in

- pllot scale tests lnvolv!ng trjhalomethanes (SufFet and HcGuire-(lQBO)).

The breakthroughr of the natural organics - (Flgure 6.2) ‘started _
almest Immedlateiy. and the effluent cencentrat1on 1ncreased relativelyl
sharply during the First 12 days, Fol!owed by 8 more gradual lncrease in
the eFFIuent-concentratIon, Even et the end of thls phase which Iasted_

" over 7 yeeks;.the ] umn stlll removed over 15 percent of the~background
organics. Tms‘f t;rpe-oF breakthrough §s typical of that found in water
treatmeht appljcations; It is noteworthy'thét the.breakthroeghAcurve‘r.
~shows some’ smal| -oeclllat't'ons.' which may be caused by the displacement
effects between the giFFerent organlc fractions that make-up the

: bockground organlcs. , f. _: "‘

‘ - Figures 6. 3 and 6.4, resbectlvely. present tﬁe averege TCEA and
TOC solld phase concentretlons of the GAC versus time graphs. Based on
the competitive isotherm For the column Feed concentretlons. the"

" equilfbriun sol1d loading. would be 8.7 mg TCEA/g and 89.5 mg TOC/g.

This, If this phase had continued, and If the rate of adsorption h
Figure 6.4 had remalned eonsteht. equfl1br|um would not have been"

’ reached untfl  run day 115. Since the 'klnetic ‘model predicts a
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. . - .
decreasing rate of adsorption; 1t will take even longer to reach
equilibrium. The TCEA overshoot uould be of the same durat for but due
to . the iong durat.on and the Faster TCEA kinetics, the overshoot would-' ”
‘not have been noticeable after approxlmately day 70 based on an
equlvalent set oF calculatlons for TCEA |
.6.1.2 base 11 _ _ .
- TCEA was not added durlng thls phase. so the feed was composed
of the background organics wlth a concentratlon of epproxlmately 5 mg/!..' '
Figure 6.1 shows that Iarge quantltles of TCEA desorbed durlng thls
. phase." due to the drop 1n_the' feed. concen_tratlon .as‘uell as the
"cont‘lnu‘lng compet ition with' the background ;r;;..;scsv The. e>‘ctent 6f the E |
“desorptlon was also Illustrated by the average TCEA sol Id phase
'concentratlon oF the ‘GAC versus tlme graph (Flgure 6. 3) It ahows that
~ the loading during this phase dropped from 9.8 to 6. 1 mg TCEA/g (or B
| percent) due to the de:,orption. Thla elgnlficant deaorptlon ‘was expected
q_,as the deaorption iso_therma showed _ that,T‘CEA -_edsorptlon_w,as fully
reverslble. ' “ o : . o -
The FRH organlcs continued to adsorb at about the same rate as In '
the prevlous stage. |
Equlllbrlun calculatlons indlcate that had thls phase contlnued.-.: :
the eventual loadlng would have beenf 0 mg TCEA/g and 94 6 mg TOC/g. |
the end of thﬂ phase the. actual loadlnge were 6 mg TCEA/G and 69 mg..
TOC/Q,  thus the phase would have: had to Tun, much longer to reach', "
equlllbriuu. Calculatlons analogoua to those in sectlon 6.1.1 show thatf :
it would have taken st least 125 run days. This run time lnlght seem

saaewhat short but 1t should be noted that the FRW was not coagulated ‘as

it would be in & water treatment plant, and coagulatlon -has_been shown
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to substantially improve the activated carbon's adsorptive capacity for

humics (Lee et ol (1981} and Weber and Jodeilah (1985)).

' 6.1.3 Phase 111 * ' *

PN

The feed in this stage of the testing was buFFered and fiitered

. OFW, 30 as to'cause'both compounds to desorb, The TCEA continued to .

desorb at approximately the same decreasing rate as . shown by the TCEA

loadings In  Figure 6.3. As  expected from ‘the highiy irreversibie

desorption isotherms, there LLEE only iimited desorption of the -

Abockground orgonics (Figure 6.2). The average TOC .solid phase .
concentration versus time graph,jFigure 6. 4) shows that the loading oniy o

‘decreased From 69 5 to 66 mg TOC/Q or only 5 percent Equiiibriun :

caiculations For this phase predict an eventual loading oF 0 mg TCEA/g

' fand 64'mg TOC/g. thus there will be continued desorption o
:6 1. 4 Engg [ " T - - =_"‘ ' f' B '_,. L -

Undiluted FRH was used as feed in this stagc._ to simulate a

-

'possible displa&ement of the adsorbed TCEA caused by an increase in the .

T feed concentration of . the. background organics.. Heber and Pirbazari

l'_tetrachioride. This would be a criticai situation at a water treatment N
-1_ plant Surprisingiy. the desOrption of TCEA decreased substantially ”
"instead oF Increasing. A possibie reason for these ob rvations {s that

. the FRH organic molecuies being adsorbed partialiy block the desorptlon

.TCEA. This hypothesis is supported by the observation oF diFFusionai
intsractions in ‘the bisoiute batch klnetics test. Since Ds was Found
to be positive in section 5.4. then the increased rate of TOC adsorption :-
could possibiy reduce the .rate oF TCEA desorption.

The- effiuent TOC concentration incr&ased fairly rapidiy and it .

'(1983) observed thfs phenomenon in “thelr bench scale test with. carbon o
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removed upproximetely the same percentage of the organics as obtelned
touards the end of phase Il.

6.1.5 Phase V

Thls is an 1ntermediete phase where OFH was used as the feed.
At this stage there was still a slgn!FIcant amount of desorption which
occurred at an elmost constant rate. Figure ‘6.3 shows that from the
begfnning of phase I1 to the end of phase V, 41 percent of the TCEA was
desorbed. Again there was ra(her‘1imlted desorptionhof,the backgrohnd
organics, howgver _this.mess was almost as _much ee_that adsorbed durlng
phase V. | | ' |
6.1.6 Phase V] o .-_ '

This phase was ' Intended to eee if a substentlal toxic spill
could desorb some of the prevlously adsorbed FRW organlcs 'Accofdlngly.
TCEA-splked OF W uas used es a feed The experlment shoged ghat there
was  very little desorptlon oF the TOC (see Figure 6.4) and the

-substantiel loading oF the natural orgenlce reduced the TCEA edsorptlon

. ‘capaclity to the polnt that‘e new breakthrough occurred-innndletely.

The Importenca of the adsorbed becknround orgenics Is best

" fllustrated by/F!gures 6.3 and 6 4. which’ present ‘the average TOC end

-

TCEA Ioedlng of . the GAC column as a function of time. During phase l

¥

| the losding reaches 6.6 . mg, TCEA/ “before the TCEA appears in the

eFfluent. while at the beglnnlng of phase Vl substantlal quantities of “
' TCEA are present in the eFFluent and . the carbon loeding Is 4 mg TCEA/Q.
‘Thls large decrease in the TCEA ,adsorptlon capacity is dlrectly

. attributeble to competitive adsorption as the TOC loading 1ncreesed from

42 mg TOC/g, at the ?tart of tﬁe’ initial TCEA breakthrough.'lto 67 mg

TOC/g, at the start of phase VI. . | °.
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Competitive I1sotherm calculations predlct. that the equilibrium .

solid phase coﬁcentrutlons for fhls stage of the run would be 19.9 mg
TCEA/g9 and 53.6 mg TOC/g. Based on these values and on the 4 Eg TCEA/gQ
at the start of . this stage, the center of the breakthrough curve would

be expected three dwys a?ter the start of phase VI. As can be seen from

" Figure 6.1, the breakthrough stﬁits as this phae begins, however the

breakthrough is far from being complieted 6 days after the start of this
. ‘ R -
stage.

6.2 ENGINEERING IMPL ICATIONS

The {mplicatlons of this study to eng;neering practice can be
N
classified into three categories: those app{}cab!e to column operatlon..

those pertaining to the overall treatment scheme. and those related to

.adsorber mode!ling.

6.2.1 Implications to Column Operation

As demonstrated by the éoqpetitlve isotherms, the TCEA

adsorption capacity 1Is significantly decreased by the competition with

the backgrodhd organics. As the operaton of & water treatment adsorber
proceeds In time, the carbon becomes incr&singly loaded with the
backgrqund organics. With-time the increasing loadings. in qonjuﬁétion

with the competitive interactions, substantially .reduce the adsorber’s

) capacity to treat spills. As such, adsorbers utilized ~fo'protect a

pobulat'!on “From spllls must be regenerated before the TOC ‘removal’
slgnalled the need to do so. This is an important ﬁ:actical 1mplicat!on )

of this study. and 1t was confirmed by the colunn run. This behavlour.

' '_ will apply to other weakly adsorbinq thh: compounds such as. benzene and

chloroform. Based on the work with _pesticldes by’Robeck et al (1965)

and with chiorophenols by Murin and Snoey!nk 11979). “Similar bekaviodr

K
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Is also expected for stronger adsorbing compounds. "'for these compounds
the efi‘;ect might” not be es- noticeable because of the"s'ubstentlnl
capacities that remain avallable. '

The backgr::und organics will have a more drematic effect on the
removal of weakly _ edsorbed taxic 'orgahies present . 1n the feed at all _
times, such as trfhalomethanes in - wete; treatment:pl'ants pr'ect'l'cind
prechlorination. This competition results In an eerl-'i'er breakthroudh of
the toxic organie as shown by the column ruh.' ‘

The desorption oF. previously ' edeorbed toxic conpounds-et water
treatment plehts Ie an area 'of.great cohcern. Phase 1v of‘the column
run studied such a situatlon Based on the equ[librium experlments. the
l.ncreese in the feed background orgenics was expected to lncreese theb;
) deeorbfion‘of TCEA, but tnstead it resulted ‘In’a deéreesel (Figure 6.13.

Figere 6.3 shows ‘that the change in the ‘TCEA‘Sol id 'phase concentretl‘on .

. '-was not .as drastic, but the rate of desorptlon COntInued to decreeee at .

about the same rate as in the previous phases of the run. .Since'

o dlffusional Interactione were observed tq, slow down the edsorption of

TCEA in conpetitive betch klnetlcs. tt seerns possible thet they e1so L
' Iower the. rete of deeorptlon in phese IV oF the colunn study " In llght' '
oF the Inportence of this questlon. this eree merits further research.

' 6.2._2 ]r_rglicatlon to the mgrgll Tregtment oF Toxig Qgg ;;
Since the adsorptlon of the - beckground orgenics hes been shcmn-

by ‘the desorptlon 1sotherrns and by thek colum run to be vlrtuelly .
‘_lrreverslble. 1t Is practlce]ly lﬂposslble to reduce prevlously edsorbed'_
- background organics in order to Improve . the adsorpt!on “of the toxlc ’
orgenies. _ _Thus td lessen the lmct of the-becquound orgen_lcs. the

best solution Is to remove them prior to the adsorption process.. The

.
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‘sirrpl‘est method s by optimizing the coagulation proceas for their
removal. lnstead of the 'corm'dn practice of opt!mlzlng For. turbidity
remové] which’ resUlts in less than optimal treatment of the humics.
" Such Improved pre treatment would result In longer column runs, and
‘_proba-nbl,y in a Iou?r overall treatr..ent cost. In additfon, If
ehrl_.o_r_lnatidn c“o—qu be de]eyed until after coagulatlon ‘and {f coagulation
‘ls'opt‘!mlzed for the removal of ‘the buckground organics, the formation
_of THMs would be greatly reduced (Babcock and Sivn;er_ (1979) and Semmens
and Field (1980)). This.would reduce the need for adsorbers to remove
trihdlmrethane_s; and .lt,\n'ould petmlt thelr eFftcl"ent' use fdr other tdxlc
‘_ organlcs. |
Another method of reducing trlhalomethanes in the flnfshed wuter
is ' tp reduce - thelr formatlon by swltcning; “to chlgrine dloxide or to
ozonation fn the pre_-disinfection' step (Lykins and 'Derﬂarcd (1983)).
Also more sdecific- synthetic organics could be ‘used ‘ln's:tei.ld"of 5ctfvated ‘
‘ ea:;bdn H'". pi‘e'-ehl'ofinatlon.-ls' essentlel. ﬁohm. and Hass have developed
-the carbonaceous adsprbent Nrbersdrb XE- 340. whh:h does not adsorb humic
' substanceL and is an excelllent adsorbent oF trlhalomethanes and other‘
synthetic_organl_cs. lt . should be noted that this adsorbent mlght have
. to be qsed in der.les with actt'vated‘ cu_rbon ‘to remove_ the trihalomethane =
nrecﬁtsofs pnlor to ;po'et-‘-ehldrmatlon (Chudyk et at (1979)).
g 6-'2 3 Jm_&;m_ean.o_mum_Mﬂ_lm |
Several factors encountered In this study are of5 gneqt
lnportence In mode1 Ing water treatment plant adsorbers., - |
. F!rst. some adsorption sltes do not appear to adsorb certaln ‘ N
' conpomds ﬁ'lis requlres that conpetltlve adsorptlon models |nclude

addltlonal non-cametftlve terms to account for this phenomenon
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Second, the background organics adsorbed almost |rrever51b|y.
thus separate desorption {sotherms are' required’ to “permit proper .
modeling of columnradsorbcrs;' The occurrence of this bﬁenomendn with
different water sources warrants further i(nvestigation.
‘ Third, the lrreverquility appears to loe'llnked to the slow
adsorption methanl;m.--A betterAunderstandjng of thfs.relationshlp will
pdsslbly-help obtplﬁ a mathémat!dd!“relatlonsh\p between the macroporous
factoﬁaf obtalned'froh tﬁeAijetlc exberiments and the coefflcients gl
and g2 obtained From the desorption {sotherms This wouid eliminate the
need~to conduct desorption experiments. This is a preliminary finding
that requires further veriffcatlon

Fourth. the dlffuslonal interactlons dlscussed in sectlons 5.4
and 6 2.3 are . key Factors ln ‘proper modellng oF thls type of
. application. This requires models with extra terms such as in equation ;

5.28.



CHAPTER SEVEN

CONCLUSIONS AND RESEARCH RECOHHENDATIONS
7.1 QONCLUSION

I. .The presence of netural background organlcsl greatly reduces the

adsorption cepaclty'fof 'l;i.Z-trlchIoroethane. Thus It s highly

desirablei\to' remove  the background organics by some method - of

pretresthentg)tb ‘fulfy utillie' the-lcerbon’s cepecity to remove toxic

. _orgentcs. ' _ - | ,

2. The backoround Aocoanrcs edsoro virtually lrreverslbly. Therefore.
regardless of the chenges in the column feed, the background oroan!cs

' -loedlng oF the GAC will lncrease w!th tlme . leen that, these organics

. reduce the GAC s capacity to adsorb tox!c substances.‘ with . tlme‘

- edsorbers become substentially less eFFective 1n treating toxic spllls.
3. Two multi-conponent s0therm. models, uhich assume that a frsctlon of

) the adsorptlon does not lnvolve competltion. were Found to descrlbe the
: dete successFully. ' ‘

. 4. ln spite oF the very slow edsorptlon oF the - beckgcoﬁnd organics (n

the Feuquler River weter. lts klnetlcs were edequately descrlbed by the .

homogeneous -surface dlffuslon model. once ,all of the adsorptlon_uas“
o assumed‘to ‘oceur by slow adsorptlon. o | m w.’._ |
5. The slou edsorptlon phenomenon. uhich Is expected to occur In verpp:
-smell pores. eppeers to be releted to the degree ‘of reversiblllty of -the
' edsorptlon. The bockground orgenlcs that edsorbed elmost exciuslwely by;
' o135
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the alow mechaniom were virtually not desorbable. On the other hcnd.
TCEA, which adsorbed completely reversibly, did not show any slow
adeorption. .

6. Modeling the adsorption kineties of 1,1,2-trichloroethane from a
oolutlon of background .organics .. must consider cross diffusional
Interactions In order to properly describe the data.

7. Two very simple desorption tsotherm models were tested and were found

to satisfactorily describe the desorption from activated carbon

previously loaded to many different levels,

1.2 REC?HHENDATIONS FOR_FUTURE RESEARCH
l;blnvestlgete the‘ reverelbfllty of the adsorption of the natural
‘beckground organlcs of different water sources.
2. Extend the test!ng oF desorption and batch kinetics to a wide array
- of compounds to further tes; 'the relationshlp between trreverslblllty
and the slow: adsorptlon mechan!sm _
3. Conduct Further cotumn tests to check the effect of’hlgher background
organic concentrutions ‘on the desorptfon of prevlously edaorbed toxic
compounds..DurIng the column run in this study, thls type of situation
“ surpri ng' yielded a‘decrease in the desorptlon capacity, an eFfect
_wti be confirmed. - The toxlc organics studled should have
- different degrees of adsorbeb!llty.,
4 Conduct adsorptlon - desorption tests at diFFerent temperatures to -
' eveluate the contrlbutlon of chemlcal reectlons (chemiaorptlon) to the
observed lrreverslble ndsorptlon. ~ ‘ _ _-‘
Conduct adsorption leotherms with PAC ground from d!fferent.purtlcle'
8lze GAC.to determine If the particie size affects the & degree. of
actlvatfon oF the particles and thus thefr‘adsorptlon capacity.
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" APPENDIX Al

A

" EXTRACTTON. PROCEDURE

P }
)

The extractlon was carrled cut In Hypo vlals (Pierce Chemical
Co., Rockford, 111.) with a nominal vé)une.of 125 ml. The actual volune, '
of each oF these bottles was meu.-.ured using ‘a. graduated cyllnder end

recorded. Sthce the water volume used In each extractlon wes known From

the bottie volune and the: VOIum: of solvent added was constant, the :

d’;op&entratfm ratlo “was calculateb fairly accurately. The solvent -

o

L

volume of 3 ml. and freespace vol QF 2.5 ml. were‘chosen as a result

of a preliminary gtudy of 'the. extrectlon' eFﬂciencyf.‘ The extraction

eFH’elency was about - 62 percent. Slnce the- stondards, were prepared in
" water' solutfons which were ‘also extracted in order to: 'get the

cel |bret|on curve, the extrection eFFIclency was alreudy considered when

using,Watim curve. BN
The brocedure"u_tllized was as rollens‘: ]

1. Rinsed the bottle twice with the samole.

" 2. Fllled the bottle to the top. ot " |
. 3. Rmved sample - from the bottle uslng & disposable Pasteur
p|pette and ‘a rubber bulb. and dufp !nto anenpty 10 ml. gradusted
cylinder untfl ft‘ has 5.5 ml. Return any excess salrple left in the
pipette to the extrection bottle.

4. Added.3.0 ml. o? n-pentane to the extractlon bottle usinb as.
» - - . ~ - - .. . .



ml. gas tight syringe dedicated te this purpose.

5., Immediately covered the extractfon bottle opening with a tefion

A
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costed septum disk (Plerce Chémlcol Co.). Pldced aluminum 5e6l (Plerce .

© Chemical Co ) on top of Ihe dlsk und crimpcd the seal

6. Shaked the bottlea for about l0 seconds und stored theﬁ-upsldg'

downy in & refrlqerator..

7. Shaked the bottles in a Hrlst Actlon Shaker (Bur‘rell Corp., -+

Pittsburgh. Pa.) wrist shaker for 30 mlnutes Towqrds the qnd of the

study, another ‘wrist shqker became avaliable, abd‘ no-.;torage'wasl

!

requlred

"8. Transferred the extract. when " the two phases had separated"‘

“ suFFiciently. to a GC autosampler minlvial and crlmped close. The

S

transfer was carrled out wlth dlaposable Pusteur plpettes and a small.7 N

- rubber bulb.
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L APPENDIX A3
§TANbA§Q§ AND ERROR
A3.1 STANDARDS -

The Initial step of this procedure was to prepare a TCEA stock
(35 m). n-pentane + 0.5 ml. TCEA), followed by an intermediate stock (30
ml. acetone + .0.4 ml. TCEA stock). The n-pentane and acetone were
measured using “plpettes.' while the TCEA and Its stock were measured
ustng microsyringes, The n-pentane was Infrared Spectroanaiyzed (Fisher
Scfentific, Falirlawn, N.J.) and the acetone was HPLC grade (Caledon
Laboratories, Georgetc;un. Ont.).

The standards were prepared In | L., volumetric flasks using
buffered OFW spiked with a TCEA intermediate stock solution. A test
sh'owed that there was no difference In the "extraction efficiency of
standards prepar@ in OFW, buffered OFN or FRW. Ten different standards
‘vere prepared to cover the range 0.1 to 90.0ng TCEA / 3u). pentane. The
typical calibration curve (Figure A3.1) can best. be described as two
straight lines Intersectlnq at spproximately 15 to 30 ng.

A3.2 ERROR

Several times during this research, a standard -or an {sotherm
solution was prepared {n big enough volumes so that six extractions
could be con?ucted. This permitted an evaluation of the error {nvolved

fn the analysts. The majority of these analyses yielded standard



PEAK AREA

{

150,000 s

100,000

-

0 20 40 60 80
THEORETICAL MASS APPLIED, ng TCEA
FIGURE A3.1 Typical Gas Chromatograph Calibration Curve for

l1.1,2-Trichloroethane

X
a0

150



151

deviations of 3 to 5 percent.

-
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APPENDIX A4

GLASSWARE CLEAN]NG

—r

1. The bottles were filled with chromic acid and left standing for
2 to 3 hours.

2. The botties were then rinsed three times with warm tap water.

3. The bottles were then twice filled and rinsed-with OFW.

4, The bpttles werg then flilled with OFW, covered to protect from
dust, and left to stand évgrnlght. |

. .

5. The bottles were then emptied and rinsed twice with OFW,

6. The bottles were ghen Fiiled with OFW, covered, and left to
stand overnight. The ove:l"nlght soakings were intended to leach any
poss.ible remnants of chromic acid that may have been pdsorbed onto the
glass, .

"I. The {sotherm botties were then allowed to drip dry over’nld'at.
When dry. they were covered with aluminum foil and_ stored until
required. -

8. The extraction bottles were then rinsed twice with sbout 15 ml.
HPLC grade acetone and dried overnight {n a 105°C oven. The next day |
they were cooled.. individually covered with aluminum foll, and stored

until required. v

\J

| P
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- APPENDIX 81

PROCEDURE_FOR BATCH ]SOTHERMS

in addition to all the botties representing Isotherm points,
each éxperlment had two blanks and at least two controls. One blank
consisted of orgaﬁlc free'water (OFW) and the other of OFW pus a large
dose of PAC, their "purpose being to detect possible leaching or
contanl.nztlon problems due to the bottle.s or the PAC. The controls are
used to determine the occurrence of losses and to calculate the solid
phase concentrations. The procedure used for the bottles representing
Individual points In the fsotherm relationship Is as follows:
f. Cleaned the bottles, coaps and tefion 1iners very well (See
Appendix Ad).
2. Placed teflon tape around the thread In the rieck of the bottles,
30 that the cap and teflon liners can produce a‘tlmt seal.
3. Weighed the bottles with their caps on a Mettier PC 4000 balance
(Mettier Instrument Corp., Highstown, N.J.). —
4. Rinsed bottles twice with the solution to be used {n the
experiment.
| 5. Welghed an aluminum weighing dish on‘c Mettler HL-52 snalytical
balance and recorded the wo ght.

. rs

y 6. Ca!culated the tar weight for the wefghing dish + desired PAC
: . ]

weight. ' '
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¢

7. Welghed the PAC to target weight with the analytical balance.

8. Slowly poured the PAC from the dish Into the Isotherm bottle by
gently tapping it in. Great care was taken not to spill any PAC. When
fin{shed, the bottle was capped.

9. Rewelghed the aluminum dish to account for the PAC that sticked

to the dish.

M

10. Completed steps 5 through 9 for all the bottles.

11. The bottles were F}lled in 8 random order with the so0lution
studied, 8o that {f there are volatization losses during the filling
process, the errors are randomized. The control bottl‘_es were !:u:luded
among the other bottles. ) .

12. Filled the bottles. as much as possible without overspill, which
s paramount because there is always PAC on the surface of the liquid.
“The bubhjle left In the bottie alds mixing when placed in the
tumbler. The main drawback of having a bubble s the po;sit;le
volat ization of the solute. See sppendix B5. // K’ )

\ 13. Rewelghed the bottles to obtain the mass of solut\rot/- in each
bottle. R |

14, Placed all the bottles fn the tumbler located In a temperature
controlled ambient. '

'15. The bottles were allowed to tumble for at least 14 days to
achieve equilibrium.

16. Upon the completfon of the contact period, the PAC and the
solutions were separated by pressure fllitration. Preé.sure flltration
ninimizes the solute losses due to volatization. The filtration steps
are cutlined in Appendix B2.

17. Stored the filtrate destined for UV or TOC analysis {in 5°C
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refrigerator unt!! analyzed. The extraction procedure for samples

destined for TCEA analys!s was started Immediately.

v

S 2
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APPENDIX B2

]

FILTRATION STEPS' .

- The pressure filtration was carried out using 0.2um pore size
celiulose nitrate membrane filters (Sartorius, West’ Germany) and It was
- propelled by ultra high purity nitrogen. Thé filtefs were soaked {nh QF_H
.at least overnight to extract leachable organics. The fllter apparatus
Is constructed of stainless steel and it Is operated in a batch mode (,\
. when separating the carbon from the solution.
. In between each filtration, | disassembled the filter and
cieaned {ts parts with a brush and some OFW.
2. Ass'enbl’ed/tpe"'épparatus without & membrane fflter.
3. Rinsed the apparatus by passing two w;lunes (about 170 ml.) pf
OFW through It.
4. Carefully placed the membrane in position with tweezers.
5. Filtered a fuil volume oFTOFH._ This served:
a) to check for carbon fines leftover from the previous
flitration because of Improper clesning; and
b) to remove most possible leachable organics. -
6. Repeated step 5. _
7. Placed sbout 20 ml. of the ssmole solution fn the fliter.
Disconnected apparatus in order to shake well, 80 that solution to be

flltered was contacted with the entire filter apparatus. Reattached
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spparatus and filter. ODiscarded flltrate.

B. Repeated step 7, but collected the f{ltrate into the TOC
collectfon bottle or 1into the TCEA extrgctlon bottle, using It for a
Tinse. | _

9. Filled tHe filter apparatus and flltered 20-40 ml of sample,
using the filtrate for a second rinse of the collection bottles.

ld. Filtered the required volume of ‘sample into the collection

botties.

In each Flltratlon section, the samples were ordered for
¥ ]

Flltratlon from low to high concentratlons to reduce the possibirlty of
contaminatfon. Prior to each Flltratlonrsectlon; the filter apparatus‘
‘was  taken completely apart, and was thoroughly washed in a hot soap
solutiont It was then rinsed with hot tap water and reassembled.
Finally, the filter apparatus was set up In the seml batch mode .with a
membrane in place. Ten-liters of OFW was passed through the filter to

+ ﬁhoroughly rinse it.
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APPENDIX B3

-

,&! |  DESORPTION ISOTHERHS

As explained In sectfon 3.5; these gxperiments were carried out
with the PAC loaded durlhg adsorption [(sotherms. The— overall method
followed 1In this study s essentially the same as that for the
adsorption Isotherm, except for the transfer of the PAC. This procedure [/
will be discussed in detail as it was not dfiscussed before, and it is
the most critical part df the expeg]mcnt. _ 3

- 1. The bottles for the desorption {sotherm ahd the desorption
solution (buffered OFW) were prepared before the end of gpe adsorption.

exper iment.

.2. In addition, the botties were rinsed twice with this water

-

previous to use.

3. A wash bottie was filled with tEe de;Brptlon solution.

4, As part of the Finaf filtration step of the adsorption isotherm,
all of the water {n the {sotherm bottie was filter;d.

5. The desorption bottle with a |a7£- glass Funne) on. top was-
placed beneath the filter apparatus. ' ' o~

6. The adsorption bottle was rinsed with desorption solutfon to
remove all of the PAC, and this water was then poured ipto the fiiter.

<

‘7. Step 6 wa% repested unti! there was’ C left In the

adsorptloh\bottle. . o



desorption bottle.

e

8. The water In the Filte} abparaéus was filtered, the flltrate

ending In the desorptfon bottle. .

9. The bottom part of the filter was disassembled dﬁa‘ﬁhe membrane -

an

. ‘ .
flliter with the PAC was placed In the glass. funnel -
) : . . )
10. The interfor of the fllter appﬁratus‘was cleaned- with a brush

and the desorption solution. All of this water poured Iinto the
. . ’

~

\li. The carbon on the fllter was washed down Into the.desorpf!on

£)

bottle.

" .12. The funnel is then raised, so that the membrane filter, which

still contained some PAC, could be placed into the desorption bottle

with a pafr oF,tueezer;.

13. The funnel was then lowered on top of the desorption
boftle.'and the cieaning brush was thoroughly rinsed with the desorption
solutfon. o _

. —
14. The glass funnel was then rinsed “clean. By this time, - the
desorption bottle had in 1t about 400 ml. 6f\:Pe desorption solution.

- 15. The bottle was filled and sealed. It was then placed in the

' tpmbler. and the rest of the experimental procedure {s identical to that

of the adscorption procedure.

<
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APPENDIX B4

~ PROCEDURE FOR BATCH KINET|CS

) This procedure Is essentially the same as that outlined In
sppendix Bl, except for the following modlficqtions.

1) The first precaution was to determine the welght of water
required to fi1l each {sotherm bottie wlth'wate;. This permitted the
calcylation of the target GAC mass to be added to each bottle {n order -
to have a constant carbon dosaﬁe.

2) The second.key.step was to use distilled water to wash all the
grain; of GAC from the ‘welghlng dish into the Isotherm bottle. This
increased tﬁe uniformity of the carbon masses added. The bottles were
then‘FlIIed.up.'to 5 percent of their 1iquid capacity (by welight) with
distilied water. The remaining 95 percent of the bottle was filled with
the solution of inferest. ' ' : ‘ Y

3. The.contact time of each bottle was caléhlated as the difference
between the halfway point of the fllling of the éottle and t?s halfway

e v

point of the filtration step.
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‘ 'APPENDIX BS

STUDY OF LOSSES '

As & reSult of some suspected losses of TCEA in the initial
L]

adsorption {sctherms, some studfes were conducted 1in order to verify

. &
this. The principal suspected mechanisms were wvolatization, and

adsorption onto the glass.

B5.1 VOLATIZATION STUDY - i \

This study attempted to assess the lnportance‘ of volatization by

analyzing the losses as 8 functfon of concentration. The higher the

. //\./

concentration, the bigger was the expected loss. Table BS.1 ﬁresents

the results’ of-this study. - n- ) _ “
: TABLE BS.1 Volatization Study
- INITIAL  FINAL  PERCENT _ A
CONC.  CONC. REDUCTION . o,
S o 12.0 11.25 7.80 '
' - 57.3 57.1 0.35 :
R 109.5  108.1 1.30
5 )27&.0 270.1 8.90 " .
533.0  522.0 200 '

Considering that the standard deviation of the measurements |s

. A .
approximately 5. percent, the observed reductions arg,:,lnslgnlf feant. In
' &r Ly
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addition, the apparent losses do not seem to be dependent on the
concentration. _

Long after the carplét‘lon of the experiment, | was finally able
to obtain the value of Henry’s Law Constant for this compound. This
value was fairly lcn.n compared t_o other similar compounds. The ensuing
calculations predicted a wvolatization loss of 0.02% of the liquid
) concentration. Thus the obserff:c.:l losses are probably caused by another

-
mechanism.

B5.2 KINET[CS QF CONTROLS
The alm of thls experiment was to determine tf the losses were
the result of a diffusion contrc:;lled process, such as diffusfon through
the glass bottle "or the cap. The results of this study are shown In
Table B5.2. As may be observed, the variatlo;'l within iMIvdebottles
is |arqe.‘ The average loss after 14 days was about 2%, while the
“analytical error was in the order of 5%. Thus the losses do not appear
to be significant, and it fs unlikely that .'diffuslonal processes are
. Inportang;&' Thé study also compared ;nitiul samples taken before and
after the kinetic . bottles ;t\ere fliled, and a small difference was
. observed. In iddatlon; this experiment checked If the filtration step
was the cause of the losses, but these tests showed that the loss was .
,smaller than the error In th;:‘masurement and thus not significant.
It should be noted’that fhe initial samples were taken directly
from the reservoir and were not In contact with tﬁe adsorption bottles.

-__~ Thus, the small differences observed In Table B5.2 also 'Include those

r

caused by a)dsorptton onto the glass. The contri rof this mechanism
{s probsbly small. Since adsorption Is thought.tp occur almost

. fnstantanecusly, as a -precaution the isotherm bottles were rinsed twice



TABLE B5.2 Kinetics of Controls

COMHENTS - TCEA

AVERAGE
TCEA

163

AVERAGE  TIME

_-_.-_--___.________-..-._...__..___—-.-.__._.._..____....-.._—_..._-___._--._____.__-.___...

Samples from the reservolr 567
after the kinetic bottles
were filled. (filtered) 477

Semples from the reservoir 559

before the kinetfc bottles

were fi!led. (filtered) 531

559

Samples from the reservoir 526

.before the kinetic bottles

were filled. (unfiitered) 545

538

TCEA (cays)
CONC.
533 0

518 518 518 / 1
t /_
615 615 615 3
“ 523 523 523 6
. 495 495 495 1
‘ ‘
471
507 522 14
537
573 e
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with the sotution before use.

Based on these results, It was concluded that the iosses were
not. significant and that the experimental procedure did not require
major changes., The following changes were {mplemented.

1) Overnight mixing of the fsotherm solutions was utilized In an
attempt to minimize the apparent varistion between the different
sampies.

i1} At least two and generally three control bottles were used in
each experiment and thelr concentrations were then averaged. These
concentrations were used as the initial concentration for the isotherm

and kinetic experiments.

)
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APPENDIX C2
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v APPENDIX C3

1.1.2-TRICHLOROETHANE DESORPTION JSOTHERM DATA

3.1 THAN p H
v c Q c 0 v M
ADSORPTION ADSORPTION ADSORPTION DESORPTION DESORPTION DESORPTION

(ML) (HG/L) (MG/G) (MG/L) (HG/G) - (NL) (G).
1036.2 108.6 6.083  0.0763 6.083 1028.2  0.04641
1028.9 66.1 4.783  0.0508 4.783  1020.5  0.06775
1040.5 31.5 3.544  0.0292 3.454  1024.9. 0.10261
1036.0 38.7 3.519  0.0370 3.809 1036.0  0.10076
347.1 30, 3.558  0.0377 3.558 . 347.6  0.03693
1036. 4 162 2.692  0.0222 2.692 1033.0  0.14042
351.5 .7 1.756  0.0071 1.185  512.5  0.08383
353.5 6.56 1.198  0.0000 0.000 0.0  0.12688
350.6 2.45 0.600  0.00346  0.600  344.5  0,22147
347.5 1.53 0.410  0.00158  0.420 354.3  0.36257
352.§ 0.39 0.251  0.00099  0.25] 346.6  0.60224
350.6 0.27 0.159  0.00025 0.159  344.4  0.9464
347.7 0.23 0.158  0.00024 0.158  342.8  0.94564

: .
N b
[+ ]
L
¥
° <
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APPENDIX C4

FAUQUIER RIVER WATER DESORPTION |SQTHERM DATA

v
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APPENDIX D1

r

BISOLUTE ADSORPTION [SOTHERM DATA

COMPETIT]VE JSOTHERM #1 (M1}
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D1.2 REPEAT OF COMPETITIVE JSOTHERH

Y.
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DI.3 COMPETITIVE [SOTHERM #2 (M2)
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APPENDIX EI

ERROR ANALYSIS FOR THE [SOTHERMS

As Usotherms are gengrally plotted as equ!librium solid phase
'concentrat!on q versus equil!briun liquid phase concentrat!on C it
is of interest to calculate " the 95% conf-'ldence interval of q. at

‘different data potnts. To do so, the variance of q at euch point must‘ -

first be calculated.:

El.1 CALCULATION OF TH VARIANCES TH 10_PHASE CONCENTRATIONS

FOR THE ADSORPTION EXPERIMENT

The loading fs caiculated by
Q= --—-- L ——— I (E1.1)

where V = liquid volume, 2; . ‘ o

"M = mass of carbon used, g;

o
[ ]

equlllbrlun solid phase concentratlon. mg solute/g carbon;

Co

initial Hquid phase concentration. mg/L; and,

[+ B
N

equilibrium liquid phase concentration, mg/%.

And the general formula for the. vgr!a"ﬁcp is

K
-.- -

| Na, - * N Na 30 ° '
var(Q) = E (—— ] - var(y;) + 2E, T (== )(~- ) covtypyﬁ ‘
“ 1=l 2y, i=1 =1 dyy ayy = - G. 7L
. T ,‘.’ - ' . (El-,’?). L
where Q = the dependent variable; : “ 7% ‘--. Yeon A S N
R DI
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Y{ = the independent variasbles used to calculate Q; and.,

N = the tota} number of variables.

Sinbe Cg, €, V and N (are measured independently, the covariances are

Zero. .
‘aq v 4 T .
_— - . ‘ (E1.3)
. 9ce M .
- aq -V ¥ ] . ) .
- {E1.4)
. 3C " C S
39" (co=c) -, o : _
_— o Seee—— N . _ (E1.5)
av . M Vo
) 3  (coc) V . W '
et A : . . (EL6)
am W L
_ v oy Co-C : T
~ var(q) = ()30 12 + (--)2(e)? + () (e ?
. G c v/,
N M M C, |
(Co-c)V 2, .2
R e .
(' 2 )< (o} (E1.7)

sA listing of g computer program that perfor.-ms the. above

calculations for all-‘ the date poln\ts is presented in Appendix E2.

E1.2 CALCULATION OF THE VARIANCES OF THE SOLID PHASE CONCENTRATIONS
' FOR THE_DESORPT THERMS ’ o
[ 3 ' ' )

The solid phese' concentration after a desorption cycle is

calculated by the following mass balance -

. (CogCdes) * Vdes

Hdes

[y ’,

where Qua. = equll!brldn solid phase concentration after a

Ujes = 9 tEi\_.e)

desorption cycle, mg solute/g carbon;
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I

Q= equll_lbrlun solid bhase concentration prior to the
desorption cycle, mg sclute/g carbon;

fnitial Hquia phase concentration for the

COd

desorption cycle, mg/a; N

’

Ches liquid phase concentration at the end of the

desorption cycle, mg/t;

Vdes = |iquid volume, t; and,
"des = mass.of carbon, g.

Since the carbon mass from the adsorption cycle was also used In the
e

desorptior@-“éycle.'l'lde_._ equals M. Substituting in equation (El.1}, one
obtalns. . - | : :
(co-c) = V (Cog-Cges) * Vdes

- + {€1.9)
Aes H W

I

Since-co, c, Vy M, Cogs Cgas and Vges are measured independently, their
covariances are zero. Thus the variance of qde,"can be calculated using
only the first summation term In equation (E1.2). The necessary

derivatives are:

" 3qge, V .
_ges (EL.10)
dcp L
1. -V
_fde? - , (E1.11)
‘ x " o : ‘
fgde;‘_ 53.(.’:.‘:.) . " (E1.12)
ov H
. ?94es _ Vdes
- u -LE3 (E1.13)
aCod . f - .
ges -V . o »

- p— (E1.14)



%4es  (Cog~Cqes)

__des  Cod Cdes’ ’ (E1.15)

Wges n
) co-c) * V (CogqCges) ° VYde
2ges . lcotc) "V (CogvCdes) * Vdes (E1.16)
aM n? n2 X
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Substituting équatlons (E1.10) fhrough (E1.16) finto equation (E1.2), one

obtains -
) 2 .2 - "V2 2 Cp-cC )
var( ) = (-)%o,. 12 + (-} (a2 ¢ (~~=~) (o ) S 3
ges " o " c " v
¢
<y “’co e E < a ISP
m . M M )
{co-c}V {Cog~Cyes)V,
(maooioy2 4 (2-2d Cdes  ‘des, 12 (oy)? ‘ “ (E1.17)
n2 = "
Substituting I_n Equation £1.7, it reduces to
var(Qgeg) = | = var{q) + ) -
v - ¢ |
de
%202 2o e (220 2
" d " H
{Cag-ches )V ‘ .
+ (--2g Zdes  des,2 (oy) 2 ) (E1.18)

-~

" Appendix E2 provides a computer program 1isting that can be used

to calculate the variances.of Qges 83 8bove.
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1.3 APPLICATION OF THE ERROR ANALYSIS TQ THE SECOND
},1,2-TRICHLOROETHANE ADSORPTJON AND DESORPTION ISQTHERMS

In this particular case the estimated values of the standard

deviatfons of the Independent variables were:

o(M) = 0.0002g ; )
A o{g; = 0.0001 &

olco) = 0.049 * co ;

o(c) = 0.049 * ¢ 3

I (Vgag) = 0.0001 &
O({cgy) = 0.64? . Cad i and.
O(Cyag) = 0:049 * Ces. \ _
The error for TCEA increaseg at the lower concentratjons to
;bout i0%, but the points of Interest were at the higher levels where
the error was fairly constant. ) . JE\ R

Y
-

The variance and the 95% confidence “fftervals for both the

adsorption and the desorption cycles were calculated with the. program

l!sféd in ApBendix E2.  The results of these c&lculatlons ang"shown in

' PN

Tables El.1 and E1.2, and also In Figure El.1. . S e

\\' . 1 / . '.““

.
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"Confidence [nterval in the Adsorption [sotherm
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APPENDIX E2

~

PROGRAM_FOR THE CALCULATION OF THE CONFIDENCE INTERVAL

OF THE SOLID PHASE CONCENTRATIONS

IN_ADSORPTION AND DESORPTION 1SOTHERMS
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[ ]
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- - e : Ve - ]
[ L - b o
B8 « m “ [ - u
< o~ X ) bt -y
o ®» wv (=] | -rE - . -
N~ I » - ~ i - o
o o« - 0O - | [~ [ |
-t P o> - Kt - & 9§
o = 2] ] "ﬂ. O ™M .
IVt - O - L ~ - I3 l -
A m = = - “ -~ =N = -4
-0 # QO & © e [ 123 e > 0D v
wv - e W el a - [ 2] - -
a0 = O ] " o L] a— 1 ¢ X
N s - ‘ [ ] - [ " . Q
o O 0 @ - L} B -~ -
wr o -« o » - [ 3 8 - -
G daltr O - - - - -
- o - had - “w - J o wn 3
= sfe - W Lol (] “ bt wa
ol e - — [ e
> owa 4 - m ne K= &
- 20 e w - » - L3 00 O
- e 4 [ ] d - Dbtame of» =&
Fooska T ao = - O mat» o
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1

APPENDIX F1

APPL JCATION OF ORTHOGONAL . COLLOCATION TO_THE SOLUTJON OF THE BATCH.

KINETICS EQUATIONS

The equations describing the batch kinetics problem are

dC : )
-- = F1 - BIf - (C-Cs) ' (5.15)
< '

i a2 _8Qm BIP : g
B L S IR (V) . (5.16)
F12) B ag o8 f ‘
aqQ, BIF : o
R (Qm‘Qb) ' . (5_.'17)
e (1-F) ® S .
aQ, BIF « BIGF : ‘
—_— m —m——————— (C-C, . {5.18)}
aB {8=1 - 3. f : . ' ‘

CoIlocution methods approximate the solutfon oF a differentlal

equation by a trlal function which has its coeff-'lcients adJusted 80 thatr

the functlon "glved an exact solutlon at the coilocation points._

‘ Orthogonal collocatlon. developed by Villadsen and Stewart (1967). uses

_/

a set .of orthoqonal po]ynom!als as the trial Function and the roots of

.the polynonﬂals are the collocatlon points. Villndsen end Stewart

(1961_) calculated. th_e roots of theae polynomials as well as the

coeFf'Iclents 'of the trial function and thefr spatial ﬂerlvatlves for

several gcomtrjes. The rep!acement of the spatlal derivatfves 1In the

equatlons belng solved by the correspom:ling mtrlces reduces the.

d

S
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dimensions of the differential equations by one. Thus the PDEs 5.15 to
5.18 are reduced to a set of ordinary differential equations with
respect to time, so this becomes an fnitial vaiue problem. A further
advantage of the polynomials used by Villadsen and Stewart (1967) Is
" that due to thelr being In terms of (1-x}2. they automatlcally satisfy
symmetry conditions such as the central boundary conditlons .of the
carbon particie (eqyation 5.26).

Orthogonal coTTocatlion was 'appliéd following .the prccedure
outlined by Viiladsen and Stewart (1967). In crthogonal collocation,

~.
the gradient and Laplacian operators for function - g{B) are represented

bY. ‘\// -
ag N+l : ,
- = L A'J * g(Bi) ’ » (Fl.l)
398 B=B;  J=I
I 3 ag ) N+l )
--(--(B -=}) = I B‘J ° Q(Bi} (FI.ZJ

B? 38 a8 |B«B; jeI
where B; = the collocatlon points;
N = number of internal collocation pofntsa;

"N+t

tndex of the boundary collocation point;

AIJ coefficient of the first derivative approximation;

BiJ = coefficient of the Laplacian approximatlon.

. And the above authors also provided Formﬂng for volume averaglng of

different geometrles. For spherical geometry

1 N+1 ‘ _ )
IDB * 9(B) d8 -|: LI 14: 1D ~ (F1.3)
!

The values VoF the collocatfon poinfs 8; and the coeffgcients of the
_matrices A, B and W are listed for cases of up to three collocation

\
points. Villadsen and Micheisen (1978). presented Iistings of programs

L]
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that ‘calculate the values of-' these coefficlents for any number of
collocation points. This reference also presents programs to calculate
the coefficlents for several other weighted residuals methods, of which
orthogonal collocation Is a particular applfcation.

Fl.1 APPLICATION Of ORTHOGONAL COLLOCATION TO EQUATIONS 5.16. 5.17 AND

5.15

f} Macropore Balance (gduation 5.16) applyin‘g equation Fl.2 becomes

aq, N+ BIP
- =I Byy - Qu(By) - ==~(Qy(B})-Qy(8)) (F1.4)
36 |g=p; j=i f _

i1) Hicropore Balance (equation 5.17)

aQ, BIP _ '
- = === (Qp(B{)-Qp(8})) : - (F1.5}
26 |B=B; (I-f) '

111) Liquld Volume Balance (equation 5.15)

- dC

— = F1 - BIF * (C-Cy) | (F1.6)
de

Fl:2 HANDLING OF THE LIQUID PHASE - SOL1D PHASE BOUNDARY CONDITION

) Flfst use the Macropore Balance
Bl - .
-—— = - 2 ~~{(g“-—-) - -;—(Qm-'Qb) {5.16)

1) Averaging a function f(x)}) over the volume of a spherical

particle is

1
Av f, B F(B) dB

-— . v 1
Fix) = : =34 _Bx"f(8) dp (F1.7)
4 . :
-—(n?
3

it1) Then averaging over volume equation 5.16
3G, v 13 a3 BIP

3f,8%-== d8 = 3f B3-=(=-(B*—-7)) d8 - - - 35 82(Q-Qy) dB (F1.8)
°" a0 ° 8238 as £ o8 GGy -



187

220m MNpf BIP

I g*--- d8 = g%---} - --- s 8%(Qq-Qy) d8 (F1.9)
30 28 f
20 3Qp, " BIP '

I g%--- dg = (1----| - 0.0) - --- f B2(Q,-Qp) dB (F1.10)

iv) In a general form the collocation version of volume averaging

f(g) is *
—_ 1 - N+] -
f(B) = 3/,8% - f(B) dB = 3 Wy« f(8)) (F1.11)

: J=1
thus )
' an N+1 aq .
f B7--"dB = I W+ (-—)) (F1.12)
26 J=1 KL .

1, : TNt ' : ' , )
S 8°{Q-Qn) dB = I Wy * (Q.-Q ' Fl1.13
08 {Qn 0y £ QmJQbﬁ. { )

v) Applying F1.12 and Fi.13 to equation F1.!0 becomes

M 20, 2 " BIP N4 S -
L W,(--- E —— = === I W {(Q,~ - "{Fl.l14)
=1 3 20 Y PR 7% o

Jl) The boundary condition equation between the 1liquid phase and

the solid phase {equation 5.18) is

Qg

o8

BIF - BIGF

; --?;~~]:--.(C‘Cs) . (5.18)
B= . ' ' ‘ '

which when substituted 'lnt; 'eq';u:tion Fl.14 gives . . . Qo

Nl 2 - BIF - BIGF BIP * N+1 .
I Wy(-—d) = mmemeeene- (CCg) ~ === * T Wy(Qq-Qp.) °  (FI.15)
=170 L 3-f ¥ ey

which can be rearranged to

aq, BIF - BIGF BIP L N+

-7 x ——m—mmmee e (€C-Ca) = =mm ———— I W (G, ) '
38 {B=Byyy 3 f Wy - f Wy el !
S : 1 N aq,
: “ =ece E W (---J) . T (FL.16)
- uml J=1 a0



F1.3 SUMMARY

Thus one must solve simultaneously the ordinary differential

equations that describe the batch kinetics test for each elapsed time,
-~ '
These equations, which were derived above, are as . follows:

@« - ‘ e
-- = F1 - BIF * (C-Cg) - (5.15)
de /
aQb BIP
~-= = —== (Q,(B8{)-Qp(B8;)) (F1.5)
3o |B=g; (1-f) for 1 = 1 to N+
aq,, N+l BIP
=== =L ByQn(8yp) - == (Qp{B{)-Qu(B{)) (F1.4)
230 |B8=8y J=I f for { =1 to N

aqy, BIF * BIGF _ BIP1 N4 .

- . —eommmm ammmeC~CJ) = === == "I W{(Qp-Qp )

36 [B=By,; 3 - f ° MNy £ Wy Jel D A

1 N 2 ‘ :
- e T (=) ‘ (F1.16)
Wpyyy J=1 ° 20 . for | = N+l

These equations have to be solved by a numeficél technrhue such
as Rungg-Kutta. In this case 1t will be_solved using the IMSL {1982)
routine DGEAR based on the GEAR method. "A listing of the program used
to simulate.the sinéﬁe component batch kinetics test is presented in
Appendix F3. . And App;ndix Fé presents confirmation of the suitability

of the collocation technique by a comparison with published data.

188
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APPENDIX F2°

PREDICTION BY THE PROGRAM SEARS FOR THE PHENOL DATA OF PEEL (1980)

To verify that the orthogonal collocation technique coQId solve
the dual rate model proﬁoséd by Peet (1980), the program developed in
this study was used to simulate the Phenol 1V Run data from Peel’s
thesis. Peel (1980) developed a program which solved hfs  dual rate
model wusing Crank-Nicholson finite diéference operators. Since the
program developed by- Peel was Po‘ feadlly avallable, direct comparison
between the values of the r;oneétrations yielded by the two solution
technigues was not possible; Instead, the parameters obtalﬁed by Peel
were used {n tﬁe collocation based computer program called SEARS-
(Appendix - F3) to simulate the data. The results of this simulation
t '(Table F2.1}) were plotted 1{n the same sjze graph_gs éﬁﬁt fn Peel’s
) thesis for the same data (Figure F2.1). Trac}ng Peel’s simplation onto
Figure~F2.i showed a complete overlap. Thus, the proéram éEAR5 and the
collocation technique provide a suitable solution to-Peél's dual rate

model.
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hglicolibcattgnl,

1V from Peel (1980) by the

Simulatior of the Phenol Run No.
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APPENDIX F3

PROGRAM FOR THE_SINGLE SOLUTE BATCH KINETIC TEST SIMULATIONS (SEARS)

The program QQIqw. called SEARS, cénducts simulations of the
single solute bétch kinetic tests using the dual! rate mode) debcrlbed_ln *
the text. The program utilizes a one or two section Freundlich fsotherm
to describe the equilibrium conditions. The solution technique of the -
equatfon describing this model were discussed {n Section, 5.! and
Appendix F|,

. The parameter estimation was conducted by an almost fdentical
progr;m called FOX6. The maln difference between the two is that thé
call to subroutine MODEL 1In SEARS s replaced by a call to the
regression routine UJHAUS In FOX6. The subroutine UWHAUS, which
conducts the non Ilinear least squares regression, itself calls
subroutine MODEL. The remaining few changes are {n the form of the
output. Because of the 1ittie dff?erence. program SEARS will not be

presented in ordeq to avoid repetition.
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APPENDIX F4

PROGRAM FORM BISOLUTE BATCH‘\KINETIC TEST SIHULATION (ZORRO3)

The program ZO;?ROB. listed below, simulates the adsorption.of
two solutes In batcp kinetic tests, in a procedur‘é Vanalogous to that of
the s9ingle ‘component. The program was based on the HSSD model for
bisolute mixtures with diffusional {nteractions within the particle,
described in Section 53 ZORRO3 also ncludes terms which account for
'solutes requiring the dual rate | model. This program utilizes MSCAM to
describe the equitibrium c!c;nditlons.ass_t.n;ed to océur at the sur;’ace of
. the particles. .

ZORRO3 has,' an analogous program -call'ed FOX23 which conducts ;
multiresponse regression fn order to obtain the. values of the cross
diffusion coefficlents. FOX23 uses the multiresponse regression routine
MVEST developed by Jutan (1976), but otherwise ts almost fdentical to

%

ZORRO3, and so it will not be Hsted} fn thist thesis.
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(0.3 %)

APPENDIX Gl
o = 0.000128

ug/L

Carbon Dosage: Hean = 0.04288 g/t
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APPENDIX G2

FAUQUIER RIVER WATER BATCH KINETICS DATA

(Mean of 5 controls)

Initial Concentration = 4.827 mg TOC/%

Carbon Dosage: Mean = 0.04691 g/t

= 0,000t4 (0.3 %)
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APPENDIX G3

BISOLUTE BATCH KINET]CS DATA

555.4 ug TCEA/2

4.536 mg TOC/y,
Carbon Dosage: Mean = 0.0624] q/t

Inftial Concentration
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TCEA

= 0.00015 (D.24 %)
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APPENDIX HI

!
LISTING OF THE COMPUTER PROGRAM BASED ON THE RAZZAGHI MODEL

FOR BISOLUTE ADSORPTION ISOTHERMS

3

P ! ' L

The Razzagh! model was callbrated using the computer program
RAZZIO which fs listed below. RAZZIO uses the Razzagh! competitive |
lsotherﬁ equations for the two components coupled with the}r respective
mass balances. These nonh linear equations are sbivpd slmdltanéduslg by
the IMSL (1982) routine ZSPOW, which (s based on Newton’s method with
Flnlt; difference approximations for the partial derivatives.
! The‘iprogram.;RAZZlo uses the routien MVEST to conduct the
_Parameter estimatlon.For the mult{response.experimentar data. MVEST was
developed by Jutan (1976} who fhcludés a listing of the routine in his
report.” The program also uses' subroutine ISOPLOT for plotting, which
was not Included in the listing as It is dependent on the computing

systems at HcHaster.
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APPENDIX H2

LISTING OF COMPUTER PROGRAM BASED ON THE HSCAM MODEL

FOR BISOLUTE ADSORPTION ]SOTHERMS

, The program used for the parameter estimation of the HSCAM. modet

ﬁ was called MSIAS and is 1isted below. This program is very similar to
) Lo 1

that of the Razzaghi

- %
also applicable to MSIAS (see the

model (RAZZ!I0) and the comments about RAZZ10 are

beginning of Appendix Hl).

-
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APPENDIX 1t

COLUHN DATA

11.1 BASIC INFORMATJON

Column Internal Radius = 0.95 om

Height of GAC In Column - . = 12.7 cm

Height of Sand on top of GAC = 2.95 com

~ Carbon Type = Filtrasorb F~400

Carbon Mass = 3,92634 g ‘

GAC and Sand Particle Size = 0;0297 to 0.0420 cm (40 - 50 mesh)
Approximate Flowrate = 2 ml/min

Apparent Particle Density = 0.75 g/cm®
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