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DISSERTATION ABSTRACT

Name: Nabil Said Fuad Abuzaid
Title of Study: Effect of Dissolved Oxygen on Activated Carbon Uptake
Major Ficld: Civil Engincering (Water Resources & Fnvironmental)

Date of Degree: July 1993

Isotherm studies on phenolics show a 20-115% increase in uplake due to
the presence of oxygen in the test environment, with the additional
uptake increasing with decreasing equilibrium concentrations. The same
phenomenon is found when oxidizing agents such as hydrogen peroxide
and potassium permanganate are used. Equilibrium data show no such
effect on aliphatics. Uptake of domestic and industrial wastewater improve
similarly.

Telomerization of adsorbates on the carbon surface is suggested as a
potentia! reason for this phenomenon. Two reaction mechanisms are pro-
posed to present the reaclion between oxygen and oxidizing agents with
phenol on the carbon surface.

Experimental data indicate that low pH favors physical adsorption,
while high pH promotes telomerization. The optimum pl for adsorption of
phenolies under oxic conditions is pll 7. TLower temperatlures favored
physical adsorption and higher femperature results in significant enhance-
ment in the uptake under oxic conditions.

Uptakes of phenol and o-cresol increase with the increase in the DO
concentration. The quantilies of dimers and f{rimers formed on the carbon
surface are a function of the DO level. Thenol yield efficicncies around
70% and 25% are observed for anoxic and oxic loadings, respectively. The
additional uptake attained under oxic conditions is limited by the mass of
DO as well as the mass of GAC in the test environment. Two models relat-
ing the oxic uptake to the ratio of DO to GAC mass and the anoxic capac-
itics are developed.

The apparent surface diffusivity coefficient for phenol and o-cresol in
GAC decreases with increasing DO levels in the sorbale solution. Equili-
bration time for physical adsorptlion increases proportionaily with pH and
inversely with temperature, while, for the oxic case, the equilibration time
occurs in the time range of (7.5-11) days from the beginning of the
experiment. D’ values for the oxic cases increase proportionally with

temperature and inversely with pH, with the highest difference between
oxic and anoxic diffusivities at pH 7 and 35°C.

A mathematical model which incorporales the obscrved reactions with
adsorption is formulated. In that model the reaction is assumed fo be first
order with respect to the capacity and not limited by dissolved oxygen
existence.

The column experiments have shown that DO causes a delay in the
breakthrough curve (BTC), resulting in a completely different BTC. The
issue of discrepancies between isotherm capacities and column capacities is

resolved. ‘The HSDM is found lo have good prediction capability (before
tailing).
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Adsorption on activated carbon (AC) is a uscful and cfTective process for the puri-
fication of industrial and hazardous wastewaters, for advanced treatment of sccondary
cfMucnts, as well as for the removal of organic poliutants from drinking water.  Acti-
rated carbon is the most commonly used adsorbent in the arca of envirommental engi-
neering due to its cxcellent adsorption characteristics, and is also frequently emploved

in biological reactors because of its superior microbial attachment propertics.

Activated carbon is used in acrohic fixed film recactors, activitted sludge svstems,
and fluidized-bed anacrobic reactors for toxic wastewater treatment.  The relatively
high cost of AC has motivated rescarchers to investigate and attempt to maximize the
adsorptive capacity of AC for hazardous organic compounds. Factors affecting the
adsorptive capacity of such compounds were also investigated in order to fully utilive

activated carbon undcer operational conditions.

The design of contact systems and the prediction of their performance have been
largely dependent on laboratory data for the cquilibrium capacity of the activated car-
bon for the pollutant. Both the concentrations of dissolved oxvgen and the composi-

tion of the wastewater amenable to trecatment vary appreciably from one process to



another.

Discrepancies between cquilibrium data obtained using the commonly employed
bottle-point and column techniques have long baffled reseimchers although several
explanations, such as irreversible adsorption, existence of casily accessible macropores
and unaccessible micropores, and surface difTusion limitation have been postulated.
Our limited understanding of the impact of dissolved oxvgen (1D0O) on the adsorptive
capacity of activated carbon may have contributed to this dependence of cquilibrium
data on the procedure of attaining cquilibrium because DO in a continuous flow AC
column is likely to differ from that prevalent in a closed bottle. In the literature
revicw, it will be shown that the role of DO on the adsorption process has long been
considered negative, but recently, work donc in this university and clsewhere, has
proven that the existence of DO has a positive ¢lTeet on the adcorption of phenolics on

activated carbon.

The broad objectives of this rescarch arc to ascertain the role of DO in the adsorp-
tion of organic pollutants by Granular Activated Carbon (GAC) and provide morc
insight into the naturc of the oxygen induced-adsorption phenomenon. The specific

ohjectives of this study arc to:

1. Establish the dependance of the adsorption ecnhancement phenomenon duc to dis-
solved oxvgen on scveral chemical parameters such as group tyvpe, substitutes type,

number of substitutions, and functional groups type.

2. Investigate the clTect of oxidizing agents and their concentrations on adsorption.
3. Ascertain the effect of environmental and operational variables such as pil, temp-

crature, and DO on adsorption cquilibrium and kinctics.
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4. Modcl the relation between the additional capacity and the dissolved oxyvegen con-

tent.

5. Test the predictability of breakthrough curves using the equilibrium and kinctic

data obtaincd in batch cxperiments.

This is a fundamental rescarch which will furnish invaluable insight into the oxy-
gen-induced enhancement of the adsorption phenomenon. The outcome of this study
will clucidate the role of molecular oxygen in the adsorption of pollutants on granular
activated carbon as well as providing a comprchensive understanding of the cffect of
scveral water quality parameters and process design variables on the enhancement phe-
nomenon. The findings of this study will not only be important [rom a theorctical
viewpoint, but also from a practical standpoint. The concept of oxygen-induced
improvement in adsorptive capacity may have tremendous cconomic implications.  TFor
cxample, increasing the dissolved oxygen in the influent wastewater to a GAC filter
may furnish additional adsorptive capacity and significantly prolong filter runs,
Increasing the dissolved oxygen in a powdered activated carbon treatment may increase

the capacity by as much as 50-60% at very low concentrations.

1.2 Literature Review

Oxygen is known to react to a significant extent with activated carbon (1.2,3.4). It
has been shown that carbons activated in an atmosphere of pure CO,, or in a vacuum,
react with molccular oxygen at and below room temperature, causing formation of
organic oxvgen functional groups on the carbon surface (1,2). Mattson ct al. (5)

detected the presence of significant amounts of carbonyl and carboxyl groups on acti-
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rated carbon surfaces. The behavior of activated carbon as an adsorbent has to he
rclated to surface functionality; the evidence for chemical interaction at the surfhce
between carbonyl and carboxyl groups and organic adsorbates is convincing (6).

Enhancement of the adsorptive capacity of activated carbon may well be accomplished

by increasing the concentration of the appropriate surface functional groups.

While the issuc of wastewater complexity and multi-solute adsorption has been
addressed by numcrous studics aimed at improving the understanding of the phenom-
cnon ol competitive adsorption, work towards clucidating the role of oxvgen in the
process of adsorption of organics has heen limited. Prober et al. (7) found that molecu-
lar oxygen increases basc sorption capacity duc to the formation of acidic surface
oxides. The same phenomenon was confirmed by Coughlin and Ezra (R) who observed
reduction in adsorption capacity for phenol 'and nitrobenzene and Snocvink ct al. (9)
who reported a S0% reduction in adsorptive capacity of phenol and nitrophenol duce to

the formation of acidic surfacc oxides.

Recently, Vidic ct al. (10), and Nakhla ct al. (11) have studicd the cffect of DO on
the adsorption of phenolics by GAC. The standard static-bottie procedure was modi-
ficd to include initial purging of the activated carbon and the adsorbate solution to
obtain cquilibrium data in the absence of oxvgen. I'rom both of the studices, it was
reported that DO increased the capacity of activated carbon {or phenolics by as much
as 100%. In a study on phenol and o-cresol, Abuzaid and Harazin (12) concluded that
when the sparger gases were carbon dioxide, the adsorbate solution which contained
DO had about 40% increase in the retention capacity comparced to the solution with

zero DO concentration (CO, purged). The causes of this enhancement were investi-

gated by Grant and King (13) and Vidic and Suidan (14). Both studics showed that dis-



solved oxygen promotes telomer formation of phenolies on the carbon surface.

Literature on the oxygen induced enhancement phenomenon of the adsorptive
capaciiy arc very recent as well as limited.  For the purposc of good cstablishment ol
the phenomenon and the substantiation of previous work, several compounds should
be studicd. These compounds which should belong to different chemical groups arc
thus chosen according to their pollution potential, availability, and case of analysis.
Weber and Pirbazari (15) studied the adsorption characteristics of benzene, p-dichlaro-
benzene, carbon tetrachloride, dicldrin and two PCBs in water. The Freundlich model
was found to fit the cquilibrium data accurately, and the constants were calculated and
uscd as inputs in the Michigan Adsorption Design and Application Model (MADAM)
for the kinctic determination.  Eldib and Badawi (16) found that the adsorption of hen-
zene, tolucne, o-xvlene, and cthylbenzenc 6n activated carbon proceeded in accordance
with the Freundlich model. Model constants as well as the cocfficients of determina-

tions were calculated and listed.

Morcover, there arc scveral variables which greatly afTect the performance of GAC
and arc usually studicd; most important arc the pll of the solution, temperaturc, initial
concentration of the adsorbates, flow rate of adsorbatc solution, and compctition of
solutes on the surface of GAC. In general, adsorption of typical organic pollutants
(rom watcr is increcased with decrcasing pIl.  Garten and coworkers (17,18,19) have
shown that acid and alkali sorption is related to surface functional groups which form
during the preparation of the carbon. Alkali-sarption occurs principally on carbons
activated at temperatures near 400°C while, acid sorption occurs on these activated at
1000°C. Weber (20) studied the cffect of pIl on adsorption in an activated carbon col-

umn. A solution of sulfonated alkyl-benzence with an unadjusted pil slightly below neu-
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tral was passed through the column until the ratio of cffluent concentration to influent
concentration (C/C,) reached 0.55. At this point the pHl was decreased to 2.5, The
cfect of the reduced pIl was to considerably increase adsorption and sharply decrease
the concentration of the solute escaping in the cfTluent. The removal of Nuoride from

water by activated carbon was investigated by Wu (21), who reported that the highest

capacity simulated by the Langmuir isotherm was at pli 5.0

Alhert and Gorgol (22) investigated the adsorption of the supernatant ol two land-
fill leachates on GAC. The supernatant exhibited a weak pll effect on the adsorptive
capacity of GAC for TOC with the adsorptive capacity at pll 7 greater than at pll 12,
A differential bed reactor was used to determine the Kinetic of the removal of ortho-
phosphates rom wastewater hy activated carbon by Koh and Chung (23). The kinctic
veaction at a pll of 4 was faster than at pll § and 12, Uniike the findings of most
rescarchers, Herzing ct al. (24) reported no major cffect of pil on the adsorption of

2-mcthylisoborncol and geosmin (Q) on activated carbon.

Physical adsorption is an cxothermic process, thus the extent of adsorption gener-
ally increases with decrcasing temperature. Ry comparing viable ccll counts in acti-
vated carbon columns operated at 5° and 25°C, Maqsood and Benedek (25) showed
that the greater total organic carbon removals occurring at higher temperatures was
partially duc to a larger preponderance of microbes.  Alben ct al. (26) obscrved
decreascs in the adsorption capacity of trihalomethancs on granular activated carbon

-~

with increasing temperature in the range of 4 to 457

Recent Titerature on the cffect of temperature on the enhancement is conflicting.
While Vidic ct al. (14) found that temperature variations had no ¢ffect on the enhance-

ment, Grant and King (13) found that higher temperature enhances the tclomerization
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reaction and henee inercases the adsorption capacity. In the same study, it was found
that these reactions arc favored by higher pll conditions. However, in their experimen-
tal scheme, cfect of pIT and temperature was not separated [rom the effeet of dissolved

oxygen. Very extreme values, such as pll values of 1.8 and 12, and temperatures as
high as 80°C were studied. FFurthermore, the cffeet of pIT was studied at a temperature

of 80°C. These plIl and temperature ranges pertain more to chemical engineering appli-

cations and arc unrcalistic in wastc trecatment systems.

Another important variable is the presence of a number of compounds that are
simultancously adsorbable on GAC in the solution. These compounds may mutually
cnhance adsorption, may act rclatively independently, or may interfere with onc
anather. The cffect of having a mixture of solutes compared to a single solute depends
on the nature and characteristics of the competing solutes.  In this regard, Weber (20)
concluded from a column study that the presence of other solutes in the mixture
advers~ly affects the adsorption of the first, Ieading to a much more rapid break-
through of this matcrial. Martin and Al-Bahrani (27) showed from batch experiment
that the overall carbon capacity for adsorption was barcly aflected by an increase in
the number of solutes in solution, whereas in column experiments the overall carbon

capacity for adsorption was considerably cnhanced by an increase in the number of

solutes in solution.

The dependance of adsorption on flow rate was studied by several rescarchers.
Bhargava ct al. (28) investigated the adsorption kinctics of phenol in a countercurrent
carbon system which maximized the adsorptive capacity of activated carbon. The sys-
tem achieved 40-70% removal with % removal decreasing with increasing flow rates.

McKay (29) found that the capacity of a fluidized bed of activated carbon for acidic



and alkaline dves increased with a decrease in the flow rate of the dye solution.

McKay developed a model to determine the external mass transfer coefTicient of
pollutants from water onto activated carbon (30). Agitation, initial pollutant concen-
tration, carbon mass, carbon particle size, and solution temperature were variables used
to cvaluate the two constants in the dimensionless equation developed.  The surface
mass transfer cocfTicients for the adsorption of acidic and basic high tinctorial dyes var-
icd lincarly with agitation, initial dyc concentration and contact time: reciprocally with

absolute temperature; and independently with dye solution pll between 5.2 and 8.5

(31,32).

The HSDM model derived by Rosen (33) has been successfully used to model the
dynamics of adsorption for various compounds on GAC (34.3536). In contrast to the
pore difTusion model (MDM) (37), where the adsorbate is assumed to diffuse into a lig-
uid phase within the carbon particle and cquilibrate locally along the pore wall, the
HISDM assumes that molecules creep along the inner surface and migrate into the par-
ticle in the adsorbed state. Equilibrium between liquid phase and salid phasc adsorbate
concentration is assumed to cxist only at the outer surface of the adsorbent particle.
The mathematical formulation of the TISDM is readily available in the literature

(33,34.35) and will be presented later in this chapter.

Besides cquilibrium data that arc normally fitted to Freundlich or Langmuir isot-
herms, knowledge of the values of kinctic parameters is necessary in order to accurately
describe the performance of adsorbers. Closed batch tests arc often performed for this
task. The liquid-film mass transfer coefTicient, K, , and the surface diffusion cocfTicient,

D, arc then found by minimizing the differences between data and model output. This

minimization procedure is usually done by intuitively varying the kinctic cocflicient in
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the mathematical model until the experimental data and model results agree satisfacto-

rily (34,35). This method works well if only onc unknown parameter has to be deter-

mined (k; or ID_ alonc), but becomes more troublesome if several parameters have to be

found simultancously.

When surface dilfusion is the limiting transport mechanism, Tland et al. (3R) have

devcloped a procedure for determining surface diffusion cocfTicients by cxperimentally

climinating the liquid film resistance and comparing empirical solutions of the 11SHDM

model and batch adsorption data. The procedure developed is as follows:

i
2.

G

conduct isotherm tests and determine Freundlich isotherm parameters,

calculate dosage of adsorbent required to achieve a €/ C, cqual to 0.5,

conduct rate tests at several mixing intensities and demonstrate cxperimentally
that liquid-phasc mass transfer resistance has been climinated.

after that, calculate model predicted dimensionless times using developed empirical

cquations.

calculate the Biot number based on determination of local difTusivity.
check i the Biot number is greater than a table value. 11 it is not, then the rate

test should be repeated at a higher mixing intensity.

calculate the residual sum of squares (S?) for several values of 1D, and plot (s
versus D, Fstimate D, where §? is the lowest (SZ;) which is the best estimate for
D,, and calculate the 95 % confidence interval for the D, estimate. Check and
cnsurc that S, is less than 0.1, il it is not, then causcs of errors, such as excessive

scatter in the rate test data, should be evaluated. If necessary, rerun isotherm and

rate studics, or both.

plot the best fit D modcl simulation versus the data.
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9. the D, values required for madel simulations are D, for the hest fit and the D val-

-

ues which hracket the 95% confidence interval.

In instances where surface diffusion is the rate limiting transport mechanism, liquid
film mass transfer cocflicient can be estimated from gencralized correlations (39). The
shortcoming of bath mcthods, however, is that it is not always possiblc to cstablish
conditions during an cxpcriment that permit the scparate determination of kinctic
paramcters. This is specially truc when Kinetic parameters arc (o be evaluated for new
conditions like in the casc of the proposed study where several variables such as pll,
temperature, and DO concentration interact and influence the adsorption process. In
this study, the procedure developed by Tracgner and Suidan (40) will he used for the
determination of the diffusivity cocfficients for the cases under study. Their procedure
uscs the Levenherg-Marquardt numerical algorithm to accomplish this task. Unlike
standard procedures where only onc of the Kinetic parameters, cither kg or D, is deter-
mined, the proposed method allows for simultancous estimation of hatch kinctic con-
stants. Such a computerized procedurc is uscful since the resuits of batch kinctic tests
usually fall in the range of 1 to 100 (40), where mass transport is influcnced by both
liquid mass transfer and intraparticle mass transfer resistance. With the help of the resi-
dual surface plots it was shown that the solution optimum to the 1ISDM is unique, i.c
there cxists onc unique set of parameter values where the model solution best fits the
experimental data. Towever, care must be cxercised in accepting iterated parameters.
Numerical values obtained for K, if the Biot number > > 100, should be rejected as
inaccurate since at this Biot number only intraparticle mass transport is the dominant

factor.

Continuous-flow opcrations have advantages over batch-type operations because
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rates of adsorption in batches depend upon the concentration of adsorbate in solution,
and because they are capable of treating large volumes of wastewaters (41). Most con-
tinuous-flow systems arc operated as fixed-bed adsorption colunns. Fixed-bed adsor-
bers may be operated in cither the upflow or downflow mode. In downflow systems

the carbon can scrve for adsorption and for filtration of suspended solids, and hence, is

uscd when the wastewater contains suspended solids (42).

A substantial fraction of the time and expense associated with planning and
designing adsorption facilitics is involved in predicting or forccasting the operational
dynamics of the process (3R). Extensive experimental studies to examine the cffect of
cach system variable on the adsorption praccess is needed. Inspite of the long duration
and high costs for such pilot studics. they fail some times to predict adsorbers behavior
(34). The nced for pilot scale column studies arises from the lact that no rational
design basis utilizing the fundamental adsorptive propertics of GAC (i.e equilibrium
and kinctics) cxists. Scalc-up from laboratory to pilot scale is likely to be crroncous
given the discrepancics between isotherms and column capacitics (43,44.45,46). This
discrepancy was attributed to the irreversibility of the adsorption process (43), to a
decline in the intraparticle diffusivity during the later part of a breakthrough experi-
ment (44), and to the continuously decreasing adsorbate concentration in the liquid

phase during an isothcrm cxperiment (45).

To reduce the time and cxpense associated with the pilot-plant studics, several
mathematical modcls have been developed to forecast the impact of process variables
on adsorber performance. These fixed-bed adsorber models differ in the \vay.thcy
describe possible combinations of external and internal mass transfer resistances, non-
lincarity of adsorption isotherms, and axial dispersion.  Weber and Chakrovorti (37)

and Iritz and Schluender (47) proposed a combination of surface difTusion and pore
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diffusion transport, which they assume take place simultancously.  This model is
known as the heterocgenous dilTusion made or pore and surface diffusion model. The

shortcoming of the latter model is that surface and pore dilTusion parameters cannot be

determined uniquely.

Fixed-bed adsorber dynamics have been predicted successfully using the HSDM
modecl for over 100 adsorbatc-adsorbent systems which included a number of organics
found in drinking water and wastewater treatment (38). Concentration history profiles
for coraplex mixtures such as humic substances, expressed in terms of surrogate param-
cters such as Total Organic Carbon (TOC), single components with or without back-
ground organics, and multicomponcent systems have been predicted using the 1ISDM
model (38). Accordingly. the TISDM model can be used as an clfective engineering
tool for preliminary design purposes and if available to design engineer, it may be used
for: 1) to plan the scope of pilot-scale studics, 2) interpret pilot-scale test results, 3)
investigate multistage adsorber configuration, and 4) estimate preliminary costs of fixed
bed adsorbers (38). Many rescarchers reported the disagreement between the GAC
adsorptive capacitics determined from isotherm runs and from column and batch
experiments (43,44,45,46).  As a result, scrious problems were experienced in attempt-
ing to usc the single-rate IISPM model to predict GAC adsorber breakthrough curves
(BTC’s) for some adsorbate adsorbent systems. Crittenden and Weber (34) had to
adjust the adsorptive capacity of activated carbon as given by the adsorption isotherm
in order to fit column breakthrough data. Furthermore, they assumed the ratio of the
capacitics given by that new pscudo isotherm and the isotherm obtained using the
standard bottle-point technique to he constant.  Later, Liu and Weber (43) concluded
that only column studics can be used to determine single-solute adsorption isotherms

that would permit accurate prediction of BTC's. Scidel and Gelbin (48) and Liu and
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Weber (43) noted that during BTC cxperiments the cffluent adsorbate concentration

approaches some asymptatic value that is below the influent concentration.

Pecl and Benedek (49) proposed a dual-rate kinctic model that assumes the cxis-
tence of two types of pores within the carbon particle: macroporces, where fast adsorp-
tion occurs, and micropores which contribute to the removal of adsorbate in the latter
part of a column ru The shortcoming of this model was that the distribution of porc
volume between macropores and micropores was found to depend on the liquid-phasc

adsorbate concentration.

1.3 Theoretical Background
1.3.1 Adsorption Isotherms

A adsorption isotherm specifics the cquilibrium surface concentration of adsor-
hate on adsorbent as a function of bulk concentration of adsorbate in solution. It is
called an isotherm becausc it describes the cquilibrium state of adsorbate, adsorbent,
and solute at a given temperaturc as implicd by the name. The Langmuir adsorption
isotherm describes reversible cquilibrium between a surface and solution.  The adsor-
bent surface is considered to be made up of identical individual sites where molecules

of the adsorbate arc physically bound. The Langmiur cquation is:

QbC
1 + bC (1.1)

where;

q = adsorbed solute, mg/g
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|

= final liquid phasc concentrations of adsorbate in solution, mg/l

-

Q, = maximum number of mg adsorbed per gms adsorhent when the surface sites
arc saturated with adsorbate (i.c.. a full monolaver) Langmuir isotherm con-
stants, and

b = cmpirical cquilibrium constant rclated to the cnergy or net enthalpy of adsorp-

tion with units of inverse concentration.

The Langmuir model can be transformed to the following lincar forms in order to

determine modcl parameters :

p_ 11,1
= — _— i.
7 Q% C Q (1-2)
or
c__1 ,c¢
= —_ 1.3
a Qb Q (-

The Langmuir adsorption isotherm has found wide applicability to adsorption of
compounds in water treatment. Its advantages include simplicity, physical basis, and
ability to fit a broad range of cxperimental data. Its limitations include (1) the
assumption that the cnergy of adsorption is independent of degree of coverage, and (2)
allowance for at most only onc monolayer. The mass adcorbed, q, is assumed to

approach a saturation value, Q', when C becomes very large

The Langmuir model incorporates an assumption that the energy of adsorption is
the same for all surface sites and not dependent on degree of coverage. In reality,
cnergy of adsorption may vary because real surfaces are heterogencous. The Freundlich
adsorption isothcrm attempts to account for this. Assuming that the frequency of sites

associated with a free energy of adsorption decrcascs cxponentially with increasing free
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energy, onc can demonstrate that the isotherm will have the form:

q = kC'" (1.4)

where; k and n arc constants. The log-log plot of q against C for this cquation is lincar.
The intereept, k, is roughly an indicator of sorption capacity and the slope, n, of
adsorption intensity. The Fruendlich equation gencrally, agrees quite well with the
Langnuir cquation and cxperimental data over moderate ranges of concentrations,
Unlike the Langmuir cquation, howcver, it docs not reduce to a lincar adsorption
expression at very low concentrations and is thus not thermodynamically sound. Nor
docs it agrec well with the Langmuir cquation at very high concentrations, since n
must rcach some limit when the surface is fully covered. lere, the surface concentra-
tion of adsorbatc docs not approach a saturating value as € increases, since there are
always surface sites with higher free energics of adsorption to fill. The Freundlich isot-
herm is very widely used to fit observed data empirically even when there is no basis

for its underlyving assumptions.

In water treatment the ideal case of one adsorbate being removed onto an adsor-
bent is scldom encountered; the objective of adsorption in most rcal systems is to
remove sceveral adsorbates. This complicates both, the theorctical picture of cquilibrium
among adsorbates and adsorbent and the ability of the engincer to apply the theory in
practicc. The Langmuir model may be generalized from single- to multi-component
adsorption. The assumptions for specific sites, reversible adsorption, and homogencous
frec energics of adsorption remain the same as for the casc of a single component but

arc now applicd to several adsorbates so that the mass of adsorbate i is given by:
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q = —i . (1.5)

Using this cquation, onc can in theory estimate the cquilibrium capacity of an adsor-
bent for a complex mixture of compounds [rom the constants determined for a single

solute.

1.3.2 Kinetics of Adsorption.

One of the main requirements for the design of a GAC adsorption system is a
knowledge of the kinctics of the adsorption process. Many mathematical modcels have
been developed to describe adsorption on activated carbon. The most widely used are
the 1omogenous Surface Diffusion Model (HSDM) and the Pore Diffusion Model
(PDM). The following arc gencral simplifying assumptions that apply to both models:

1. The adsorption process is isothermal and reversible.

2. Transport inside the particle is only duc to diffusion of the adsorhate.

3. Instantancous cquilibrium occurs at active adsorption sitcs.

4. Particles arc assumed to be spherical and isotropic.
Both modcls assume the presence of a stagnant liquid film laver surrounding the car-
bon particle, through which the adsorbate difTuses before reaching the outer carbon

surface.

1.3.2.1 Pore Diffusion Model (PDM)

A schematic representation of the adsorption process on a carbon particle using

the mechanisim assumed by the PDM is shown in Figure 1.1.
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Figure 1.1; Schematic Representation of the PDM Model
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The main assumption of the Pore Diffusion Model is that, alter diffusing through the
stagnant liquid flm laycr, the adsorbate difTuscs through the nq.ucnus phitse inside the
porc of the carbon particle and reaches instantancous cquilibrium with the selid con-
centration of the adsorbate on the inner surface of the pore. Therelore, the two possi-
ble rate limiting steps in the adsorption process arc the diffusion of the adsorbate
through the stagnant liquid layer surrounding the carbon particle. characterized by the

cxternal mass transfer cocfTicient, k,, and the difTusion of the adsorbate through the hg-

uid phase inside the pores, characterized by the pore diffusion cocfTicient, D,

The equation describing the pore diffusion of adsorbate into a spherical granule is

given by:

aC e 2C
Pk + e —L =D 2% (1.6)
P ot (7[ -2 r Pr
ar ;
wherc;
n, = density of the carbon particle, M/1.3,
q = carbon loading, M adsorbate/M adsorbent,
fp = particle porosity,
DP = porc diffusion cocfTicient, LZ/T,
C, = porc liquid-phase concentration, M/,
r = distance from the center of the spherical particle. L.
The two boundary conditions for the above cquation are:
aC
@r=0,t: —& =0 (1.7

ar
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and,
C .
@r=ry: D—E=K(C-C) (1.8)
or
where;

dp = diameter of the spherical GAC particle, 1,

C = hulk liquid concentration, M/LY,
C. = adsorbatc in the liquid film at the solid-liquid interface, ML,

k, = external mass transfer cocfTicient, L/T.

The initial condition for Equation 1.7 is
@t=0,0<r<sr,: C =0 (1.9)

The first term of the right hand side of Fquation 1.6, describing the solid phase
storage capacity, is much larger than the sccond term describing the liquid phasc stor-
age capacity. Thercfore, one way of simplifying Equation 1.6 is by approximating the
two terms by the first term only. Another simplifying proccdure is to substitute C_ by q

using an isotherm rclationship.

1.3.2.2 Homogeneous Surface Diffusion Model (HSDM)

A schematic diagram describing the adsorption profile of an adsorbate on a carbon
particle using thc mechanisms assumed by the HSDM is shown in Figure 1.2 The
HISDM is based on the assumption that equilibrium between the carbon and the adsor-
bate occurs only at the outer surface of the carbon particle, and that the adsorbate

“hen migrates along the inner carbon surface to available active sites.
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Figure 1.2; Schematic Representation of the HSDM Model
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The Kinctic paramcters incorporated in this model arc the stagnant iquid film mass

transfer coc(Ticient, k, which describes the rate of difTusion of the adsorbate through

the stagnant liquid film layer around the carhon particle, and the surface difTusion cocf-

ficient, D, which describes the rate of difTusion of the adsorbate on the carbon surflace.

The equation describing the surface diffusion of adsorbate into a spherical granule

is given byt

D
4 _ 25 d(pld (1.10)

at i ar ar

wherc;
q = carbon loading, M adsorbate/M adsorbent,
D, = surface diffusion cocflicient assumed independent of concentration, LT,
r = distance from the center of the spherical particle, 1.
The initial condition (Equation 1.11) assumes the presence of no adsorbate in the parti-
cle, while the boundary conditions (Equations 1.12 and 1.13) state that the flux at the
center of the particle is always equal to zero because of symmetry, and that the rate of

adsorption into the particle is cqual to the flux of adsorbate from the stagnant liquid.

@1t=0,0¢r<1,: q =0 (111

@t20r=0M -9 (1.12)
ar

@120,r= '7°: 4nr§j‘(’(—l)s%dt = V(G - ©) (1.13)

The TISDM assumes that an cquilibrium relationship is only satisficd at the outer sur-

face of the particle. Thercfore the boundary condition for Equation 113 i< the isotherm
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cquation at the outer surface:

@r= —;3: C, = Mq) (1.14)

1.3.2.3 Packed Bed Kinetics

Crittenden and co-workers (34) have developed the homogencous surface diffusion
modecl (IHSDM). The following assumptions arc made in the fived bed model:
1. There is no radial dispersion or channcling
2. Surface diffusion flux is much higger than pore diffusion flux. Therefore, pore
diffusion flux is necglected. In addition, the adsorbent is assumed te be homogene-

ous and the surface difusion flux can be described by Fick's law: Flux =
cC

-D (=)
éx

3. The hiquid phasc diffusion flux can be described by the linear driving force
approximation, using estimates for the film transfer coc(Ticient k.

4.  The adsorbent is fixed in the adsorber (back-washing is not considered).

5. Adsorption cquilibria can be described by the Freundlich isotherm.

6. Plug Mlow cxists within the bed.

Dimensionless groups arc defined to simplify solution of the differential equa-
tions and reduce the number of independent variables.  Mass throughput or
dimensionless time is defined as:

. ratc of mass of adsorbatc fed
total mass of adsorbate at cquilibrium

QG
© Mg, + VG,
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where;

Q = influent Mowrate, LYT

. . . . 3
C; = Nuid phase concentration of adsorbate in influent, ML

t = clapsed time, T

M = total mass of adsorbent in the bed, M

q, = adsorhent phasc concentration at cquilibrium with Cp. in the fluid phase. M

adsorbate/ M adsorbhent

£ =ratio of void volume to total bed volume

V = total bed volume, | e

The dimensionless solute distribution parameter D, is defined as

_mass of adsorbate in solid phasc at cquilibrium ~ _ myd(l — )
¢ mass of adsorbatce in liquid phase at cquilibrium =G,

D

where, p, = peliet density (includes pore volume)

The dimensionless Biot number, B,, is defined as:

B = ratc of liquid phasc mass transfer

' ratc of surface difTusion within the particle
(1 = )k,

tDD0,

where;

k, = film transfer cocfTicient, 1./T
D, = surfacc diffusion cocfTicient, LyT
0, = sphericity (dimensionless ratio of the surface arca of the equivalent vol-

ume sphere to the actual surface arca of the particle),
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r, = particle radius, L.

The modificd Stanton number, St, is a dimensionless measure of the bed length as
comparcd to the length of the mass transfer zonce in the case where liquid phase mass
transfer resistance controls the adsorption rate:

k(1 — )
o0,

St =
where, T = hydraulic residence time in the bed.

The surface diffusion modulus B, is a dimensionless measure of bed length com-

parcd to the length of the mass transfer zone in the case where intraparticle diffusion

controls adsorption rate:

- DD _ st
2 B

Assuming the adsorbent phase, including the pore volume is homogencous solid,

the surface difTusion flux I, is

- aq
." = - D‘pp —(')T

A mass balance for the adsorbate in the solid phase system is

A _P.a20q
a o\ ar

(1.10)

where;

.,
i

distance from the center of the spherical particie, L.

t = time.
‘The initial condition (IEquation 1.12) assumes the presence of no adsorbate in the parti-

cle, while the boundary conditions (Lquations 1.13 and 1.19) state that the flux at the
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center of the particle is always cquatl to zero, and that the rate ol adsorption into the

particle is equal to the Mlux of adsorbate across the stagnant liquid layer.

@t=Q095%:q=0 (L11)
@tzo.r=o:%5rl=o (1.12)
@120, =t = X _(c-c) (1.15)

T “ o DO s o

Assuming the lincar driving force approximation. The liquid phasc mass flux I, can
be written as J, = k(C, - C)), where, C; = bulk fluid phase concentration of adsor-

bate.
The mass balance cquation flor a packed bed exhibiting plug flow is

C _ _yoe 3 -cp)

o A _— k(C - C) (1.16)
where,
V = interstitial vclocity
7. = longitudinal dimcnsion

The initial condition of Equation 1.16 is

@t<t,l,€7<h,: C=0

and the boundary condition is

@t20,72=0: C=C,
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To couple the solid and liquid phase mass balance cquations, the surface coneen-

iration of adsorbate in the liquid phasc € (t) must be expressed in terms of the surface
concentration of adsorbate in the solid phase q(r = R, t). This cquation is developed
from the assumption of local adsorption equilibria adjacent to the exterior adsorbent
surface, as described by the nonlincar Freundlich isotherm

q = KC®

The three main cquations contain three independent variables, mass throughput T,
radial position r, and axial position Z. Dcpendent variables arce liquid phase concentra-
tion C(7. T), liquid phasc concentration at the exterior surface of the adsorhent C_ (7,
T), and solid phase concentration q(r.Z,T). Simultancous solution of the system of
cquations results in a predictive model of fixed bed concentration history profiles for a
given sct of physical and chemical properties. Those equations cannot be solved ana-
Iytically. Solutions may bc obtained using orthogonal collocittion techniques (35). This
numecrical mecthod reduces the system ol partial differential cquations to a sct of ordi-

nary differential equations which may be integrated.

1.4 Research Quiline
Stage |

Enhancement of the adsorptive capacity of activated carbon caused by the pres-
ence of oxvgen is barcly cstablished, mainly, because very few compounds were studicd.
Ience, in the first stage of the rescarch, it is proposcd to conduct isotherm studics for
several compounds. Alkylphenolics, alkylaliphatics, and wastewater from a petrochemi-

cal industry and domestic sources will be investigated. The sclected compounds are



27
listed in Table 1.1. These synthetic organic compounds are selected for the purpose of
this study because they are common constituents of industrial wastewater cffuents,
particularly, in oil and petrochemicals related industries (30), as well as heing poten-
tially havardous to human beings and hence, appear on the priority pollutants list (50).
Concentrations as tow as I mg/l are considered hazardous (S1, 52) and have even been
detected in drinking water (53, 54). Since some of those compounds are known by
some common names. Table 1.2 lists their common niames and structural formulas, and

facilitates a comparison between the compounds.

The choice was also designed to investigate the dependance of the adsorption
cnhancement phenomenon on the following chemical parameters:

L. types of compounds (aromatics versus aliphatics).

~J

. functional groups (phenolics versus alkancs).

‘wd

. numher of identical alkyl derivatives (tri. versus tetra).

Ia

. type of substitution (mcthyl versus nitro, chloro versus bromo).

FFor cach of the above compounds, two isotherms (zero and saturation level of dis-
solved oxvgen) were conducted under room temperature, neutral pll. Comparative
analysis of the data is used to assess the impact of the aforementioned parameters on

the adsorption enhancement.

Stage 11

This stage will address the role of oxidizing agents such as hydrogen peroxide and
potassium permanganate on the adsorption process. For cach of the oxidizing agents
two isotherms (7ero and concentration cquivalent to saturation level of pure dissolved

oxygen) are conducted under room temperature at neutral pll.
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Table 1.1 Chemical Compounds Involved in Stage 1.

28

Aliphatics Alkviphenoels ~ Wastewater
I,1.1-Trichlorocthanc I’henol domestic
1,1.2,2-Tetrachlorocthane 1-Mecthyiphenol petrochemicals
Trichloromethanc 2-Nitrophenol

Tribromomcthanc
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Table 1.2: Compounds Common Names and Structural Formulae

Compound Common Name " Structural Formula
H (|:l
1,1,1-Trichloroethane Methylchloroform H.__IC — Cc—Cl
I
H «Q
H
|

1,1,2,2-Tetrachloroethane

Cl
Trichloromethane Chloroform H-——-lC—— -
|
cl
Br
Tribromomethane Bromoform
H— ?— Br
Br
Phenol HO‘@
CH;
2-Methylphenol o0-Cresol
HO
4-Nitrophenol :
H NO,
Domestic Wastewater

Petrochemical Wastewater
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Stage 111

On the basis of the isotherms study, two compounds namely phenol and o-cresol
are chosen for further testing. The choice is on the basis of highest attainable pereent-
age improvement in adsorptive capacity. In this stage, rescarch is focussed on investi-
gating the cffect of different operational variables on the enhancement phenomenon.
Isotherm as well as batch Kinctic studies arc conducted for two levels of dissolved oxy-
gen (zcro and saturation). Those levels are chosen because they are expected to
amplify the difference in the adsorption capacity. After investigating the enhancement
phenomenon under different levels of cach variable, onc level will be chosen and
denoted as optimum. The choice of the optimum value for cach variable will be based
on two criteria; first, maximum cnhancement in the adsorption capacity: and second,
relative to prevalent conditions of industrial cflluents. From the equilibrium data, an
attempt is made to relate the additional capacity to the dissolved oxvgen level. Follow-

ing arc the variables studied ;

1. pll

The cfTect of pIl is assessed by running adsorption experiments under room temp-
craturc at pll levels of 3, 7, and 11. Dcionized water is bufTered at the required pll
using a suitablc buffer. After the addition of the buffer, the specific pll is reached by

carcful addition of a strong acid or base.

2. Temperature

Temperature dependance of the adsorption enhancement phenomenon is investi-

gated by running adsorption experiments for temperatures of 8°C, room temperature
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fabout 21°C), and 35°C under the optimum pli found carlier. Temperature controlied

water baths arc used in order to maintain the required temperature.

3. Effect of Different Levels of Dissolved Oxygen

Four levels of dissolved oxygen are choscen, the cffect of those levels on the adsorp-
tion capacity is investigated under ncutral pIl and room temperature. DO levels of

zcro, moderate, saturation with air, and saturation with purc oxvgen were chosen.

Stage IV

In this stage, column studics arc performed under oxic and anoxic conditions at
room temperature and neutral ptl. The experimental results are compared with those

predicted using the cquilibrium, and kinctic data obtained from stage 111.

The thesis will be divided to cight chapters. Chapter 1 is the introduction, chapter
2 is the experimental procedure, while, the isotherm studics are presented in chapters 3,
4, and 5. Chapter 3 is about the rclation of the phenomenon (enhancement in the
uptake) with the types of chemical compounds, chapter 4 is about the cffect of pIl and
temperature on the phenomenon, and chapter 5 is related to the response of different
DO levels to the enhancement in uptake. Chapter 6 deals with the kinctics related to
the cffect of DO, while, chapter 7 is about the cfTeet of DO on adsorption columns.

Finally, Chapter 8 will include conclusions and recomendations for further rescarch.
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Chapter 2

APPARATAS AND EXPERIMENTAL PROCEDURE

2.1 General
2.1.1 Chemicals and Materials

The adsorbate chemicals (phenol, o-cresol, 4-nitrophenol 1.1, 1-trichlorocthane,
1.1.2.2-tetrachlorocthane, trichloromethane, and tribromomethanc) of Analytical Grade
(ANALAR) quality were obtained from Fisher Scientific, USA. Mecthylene chloride

and cthanol were used in the extraction cxperiments as reecived from Fisher Scientific.

Activated carbon was purchascd from Fisher Scientific, USA. Table 2.1 gives the

physical propertics of the carbon used.

2.1.2 Apparatus
2.1.2.1 Shakers

Karl Kolb shakers, purchased from Scientific Technical Supplics, West Germany,
were uscd in the loading experiment. The shakers were cquipped with temperature con-

trol from zcro to 100°C and a variable shaking frequency.

32



Table. 2.1 Physical Properties of Filtrasorb-400 Activitted Carbon

Total Surface Arca ( N, BET Mcthod), m'/g
Bulk Density, g/em’

Particle Density Wetted in Water, gm/ cm’
Pore Volume, cm?/gm

Effective Size (d,g). cm

Uniformity Cocflicient (dg,‘d,,)

Particle Size Uscd in Experiments (d ), cm

33

§24

0.74

0.94

0.055-0.065

1.6-2.1

0.156
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2.1.2.2 Mixers

Six closed mixers were manufactured in the KEFUPM workshop, They were made
rom plexy glass with a volume of S liters. The GAC particles were trapped in a basket
around the wall of the mixer. and the liquid was agitated by mixers at 200 rev/nmin. The
system was scaled with facilitics to measure temperature and withdraw samples for
measurements. The mixer temperature was controlled by water circulating from temp-
crature controlled water baths in surrounding water jackets. Figure 2.1 shows a sche-

matic Jiagram of the Kinctics experimental sctup.

2.1.2.3 Columns

FFour plexy glass columns (60 cm long and 2.54 cm 1.1).) were manufactured and
placcd on a wooden frame. Onc variable speed pump with four heads was used t6
transfer the adsorbate to the columns. The feed solution was placed in harrels with
about 200 . capacity. The barrcls were scaled from the atmosphere and connected to
plastic bags containing oxygen or nitrogen in order to keep the proper head space. Fig-

ure 2.2 shows a schematic diagram of the column setup.
2.1.2.4 GC-MS

The samples were analysed using the HX100 (TEOL, Tapan) mass spectrometer
cquipped with a Carlo Frba (Italy) gas chromatograph. The gas chromatograph was

cquipped with a split/spiltless injector at 250°C. The column was DB-1, 25 m x 0.25

mm i.d., with a 0.3 pm film thickness. The carrier gas was Helium at a flow rate ol 6
mL/min. The oven temperature was programmed from 50°C to 0°C at 10°C /min

with a zero initial time and S min. final time. The ion source temperature was 250°C,

the emission was 100 pA, and the acccleration voltage was 5 KV,
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Data acquisition was carried out with a PDSS000 data system.  For qualitative analysis

of the sample, data were acquired for 30 min. For quantitative analysis ol phenol

vicld, data acquisition was carricd out for only 10 min.
2.1.2.5 UV Spectrophotometry

Spectronic 21 spectrophotometer (Bausch and Lomb Madel UV-1) was used at a
wavclength of 270 nm for phenol and o-cresol under all temperature and pli conditions
with the exception of the pll 11 phenol solution which was measured at a wavclength
of 288 nm. 4-nitrophcnol was mcasured at 318 nm. Blanks ol distilled water were
mcasured hefore any analysis to check for zcro readings. Standards were prepared in
order to draw calibration curves so as to to convert absorbances in to concentration

rcadings
2.1.2.6 Total Organic Carhon Analyzer

Beckmen Modcl 915 Total Carbon Analyzer was used for the analysis of total
organic carhon (TOC) content and total inorganic carbon (TIC) content. Calibration

curves were to he prepared before dircct measurements.

2.2 Loading Experiments
2.2.1 Screening stage

The Carbon was washed several times with deionized water to remove all fines. It

was then dried in an oven at 110°C for 24 hours and allowed to cool at room tempera-

turc for about 10 minutes. Finally, it was stored in a dessicator prior to usc.



2.2.1.1 Aromatics

Single-solute stock solutions (1000 mg/l each) of phenol, o-cresol, and 4-nitrophe-
nol were prepared. 1.3 g/l of KI1,PO, was added to cach solution and the pHl was
raised to 7 with NaOIl 1 N. per liter For cach compound, two scts of 160-ml bottics
containing identical amounts of 10 x 16 U.S. mesh size activated carbon were prepared
and subscquently filled with 100 ml of adsorbate solution. One sct was purged with
nitrogen until a zero level of DO was attained, and the bottles were quickly closed with
a rubber stopper.  This procedure will be denoted heneclorth as anoxic.  Oxygen was
purged in the other sct until saturation was achicved as cvidenced by a DO concentra-
tion around 30 mg/l. This procedurc will be denoted henceforth as oxic.  For phenol,
four other scts were preparcd by separately adding two levels of hydrogen peroxide and
potassium permanganate to cach set. The two levels of hydrogen peroxide were 31.88
mg/l and 63.75 mg/l, whilc for potassium permanganate they were 6.0 mg/l and 12
mg/l. lach sct of bottles included two bottles without activated carbon to serve as
blanks to check for sorbate volatilization, and adsorption of sorbate onto walls of the
containcr. All bottles were placed in a shaker for a period of 14 days. At the end of
the cquilibration period, samples were withdrawn from cach bottle, filtered through
0.45 ym Millipore filter paper, and analyzed for sorbatc residual concentrations. Spec-
tronic 2! spectrophotometer (Bausch and Lomb) was used at a wavelength of 270 nm

for phenol and o-cresol, and 318 nm for 4-nitrophenol.

2.2.1.2 Aliphatics

The same procedure mentioned for aromatics was repeated for cach of 1,1,1-tri-

chlorocthane, 1,1,2,2-tctrachlorocthane, trichloromcthane, and and tribromomethanc,
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with the following madifications; the purging process was applicd to the buller solution
before the addition of the chemicals and the 160-ml bottles \\'crt; filled completely with
the adsorbates to avoid cvaporation. Dircct measurement of total carbon was done by
quickly injecting the sample into a Beckmen Modcl 915 Total Carbon Analyzer. For
cach sample. inorganic carbon was measurcd twice, at the beginning and the end of the
cquilibration period, to check for the possibility of biological activity. The organic car-
bon was calculated by subtracting inorganic carbon (if any) from the total carbon.
. Total Organic Carbon (TOC) measurcments of known concentrations ol target com-
jpounds indicated that the ratio of measurced to theoretical TOC was in the range of
0.9-0.97, while the conversion lactors hetween measured TOC and concentrations in
mg/l were, 5.92, 7.25. 11.36, and 19.23 for 1,1.1-trichlorocthanc, 1.1.2.2-tetrachloroc-

thane, trichloromcthanc, and tribromomcthanc, respectively.

2.2.1.3 Wastewater

The procedure applied to aliphatics was followed here with the following modifica-
tions; sincc the industrial wastes contained volatile chemicals, purging with gases was
not a suitable way for introducing or cxcluding dissolved oxygen. Alternatively, the
oxygen free scts were preparcd by adding sodium thiosulphate in a quantity sufficient
to totally consume the DO. The other scts were opcrated at the normal level of DO
(about 6 mg’l). This alternative was applicd to phenol solution as a check for its cffec-
tiveness and validity, and to insurc no interaction between sodium thiosulphate and the
sorbate solution. The filtcred domestic wastewater was sterilized prior to usc, to pre-

clude biological activity.
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2.2.2 Effect of pH{ and Temperature

In the case of various pll loadings, the procedure of section 2.2.1.1 for phenol and
o-cresol was repeated at pHl 3, 7, and [1. pll values of 3, and 11 were obtained by
KCITICE and NallCO3/NaOIH mixtures, respectively. The KCETICT mixture was pre-
parcd by mixing 25 ml 0.2 M KCl with 6.5 ml 0.2 M TICl and dilute to 100 ml, whilc
the NallCO3/NaOIll mixturc was prepared by mixing 50 ml 0.05 M NallCO3 with
22.7 ml 0.1 M NaOIl and diluting to 100 ml. The pll cfTect was studicd at room temp-

craturc.

The loading procedure of section 2.2.1.1 was repeated twice for phenol and o-cre-
sol with the cxception that after purging with gases, the bottles were put in tempera-

ture controlled shakers. onc at 8°C and the other at 35°C.

At the end of the cquilibration period, samples were withdrawn from cach bottle,
filtered through 0.45 pm Millipore filter paper, and analyzed for sorbate residual con-
centrations. Spectronic 21 spectrophotometer (Bausch and Lomb Model UV-D) was
uscd at a wavelength of 270 nm for phenol and o-cresol under all temperature and pli
conditions with the exception of the pIf 11 phenol solution which was measured at a

wavclength of 288 nm.

2.2.3 Effect of Different Levels of Dissolved Oxygen

In addition to the oxic and anoxic conditions, two other DO levels were intro-
duced for phenol and o-cresol. Nitrogen was slightly purged until a moderate amount
of DO (3-4 mg/l) was achicved. Air was purged so that saturation with air (9.0 mg/l)

can be achicved. By this, four levels of DO were achicved and denoted as DO 1
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(anoxic), DO 2 (moderate), PO 3 (purged with air), and DO 3 (purged with purc oxy-
gen (oxic)). Tiach set of bottles included two bottles without :lc;i\':ltC(l carbon to serve
as blanks to check for sorbate volatilization, and adsorption of sorbate onto walls of
the container. All bottles were placed on a shaker at room temperature of about 21°C
for a period of 14 days. At the end of the cquilibration period, samples were with-
drawn from cach bottle, treated and analyzed similar to the procedure mentioned

above.

2.3 Extraction Experiments

GAC samples used in the anoxic (DO 1) and “pure oxveen purged” (DO 4) phenol
solutions and those used in the anoxic, “air purged” (DO 3), and “purc oxvgen purged”
o-cresol solutions were cxtracted in a Soxhict cextractor. GAC <amples were first
extracted for 24 hours with methanol and then with methylene chloride for 3 days fol-
lowing the procedure of Vidic ct. al. (14). The extracts were dried with anhydrous

Na,SO,, filtered and concentrated for GC-MS analysis.

Virgin GAC samples and the purc chemicals used in the preparation of the sorbate

solutions were also treated and analyzed similarly.

While the above work was for samples of pIl 7, sample from “oxic, pIl 3" phenol

experiment was extracted and analyzed following the procedure mentioned above.
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2.4 Kinetic experiments

The rate experiments were conducted for phenol and o-cresol in completely mixed
tanks in which the GAC particles were trapped in a basket. Frecly mixing with the
solution would have resulted in very low (if not zcro) relative velocity between the
adsorbents and the adsorbate solutions. The objective here was to increase external

mass transfer by maximizing the fluid relative velocity.

In the study of the cffect of different DO levels, four closed mixers with the same
mixing conditions, same initial sorbate concentration and volume, and identical GAC
masses, but different DO concentrations werce run simultancously at ncutral pIl and a
temperature of 21°C. The four different DO levels were achicved by a purging proce-

dure similar to that used in the loading experiments.

In the casc of experiments which studied the cffects of pIt on kinetics, the Kinetics
experiment procedure was followed with the exception that there were two mixing
tanks for cach pll condition, onc mixer with anoxic condition ( 7cro level of DO in the
adsorbate solution) and the other with oxic condition (DO around 30 mg/1). pIl values

of 3, 7, and 11 were maintained following the procedure performed in the loading tests.

Feor the case of batch kinctic experiments under varicd temperature, temperatures

of 8"C and 35°C were controlled with water circulating from tempcerature controlled
water baths surrounding water jackets. The mixing tanks were conncected to the water
baths after finishing the purging process and maintaining the the required DO concen-
tration. Samples were taken at predetermined time intervals for concentration lmcas-
urements until cquilibrium, indicated hy constant concentration for thrce consccutive

samples, was attained. The cumulative volume of these samples constituted less than §



percent of the total initial volume in the mixer.

2.5 Column Experiments

Phenol and o-cresol breakthrough curves (BTCs) were obtained under oxic and
anoxic conditions using (60 cm long and 2.54 cm 1.D.) glass columns charged with 130
g of activated carbon. The influcnt adsorbatc concentrations were maintained at 70
mg/! for all column experiments. The feed solution to the columns was prepared using
dcionized water bufTered similar to the loading cxperiments in order to Keep ncutral
pll. The activated carbon columns were operated in an upflow mode at a flow rate of
100 ml/min resulting in 0.197 m/min (superficial velocity) at room temperature. The
anoxic cxperiments were performed by purging the feed solution with nitrogen and
keeping the solution under a head space of nitrogen. Duc to the fact that 144 1. of
feed solution was pumped through the column per day it was not possible to com-
pletely remove DO from the adsorbate solution and have zera DO content: and hence,
DO concentration was in the range of (0.1-0.4) mg/i. The oxic column cxperiments
were performed by purging the adsorbate solution with pure oxvgen until saturation
was rcached and a DO concentration of 30 mg/l was mcasured. Samples were taken

from thc cMuents for concentration measurcments.



Chapter 3

EFFECT OF DISSOLVED OXYGEN ON ACTIVATED

CARBON ADSORPTION OF DIFFERENT CHEMICALS

3.1 Introduction

Adsorption on granular activated carbon (GAC) is onc ol the most commonly
used methods for water and wastewater treatment, especially, those containing refrac-
tory organic compounds that persist in the environment and resist biodegradation. The
cquilibrium uptake by GAC of target compounds is the major factor inflluencing the
design of full scale adsorptizn columns, and the dccision regarding its cconomic [easi-
bility. This fact has motivated rescarchers to investigate the uptake by GAC of a lurge
number of compounds as well as factors afTecting it. Among thosc arc: carbon parti-

cle size, initial concentration, pil, and tempcrature.

While the aforementioned variables have been thoroughly rescarched, a major
paramecter namcly dissolved oxygen (120) has not reccived duc attention. A few studics
have shown that the existence of DO in the adsorbate solution enhances the uptake of

phenolics by GAC (10.11,13).

From the previous work, it was felt that this phenomenon needed more investiga-
tion, particularly, because the number of compounds studicd was not deemed sufTicient

to arrive at solid conclusions. Accordingly, in this study, another aromatic compound,

44
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4-nitrophenol, is investigated in addition to phenol and o-cresol. In order to increase
understanding of the enhancement nature, oxidizing agents \\'crc. applied to the phenol
solution to investigate their cffect on the uptake. Ilydrogen peroxide and potassium
permanganate were used for this purposc. The adsorption of four aliphatic compounds
is also studied, namely, trichloromethanc (chloroform). tribromomethanc (bromoflorm),
1,1,1-trichlorocthanc, and 1,1,2,2-tetrachlorocthanc. The alorcimentioned organic com-
pounds were sclected for the purpose of this study bacause they are common constitu-
ents of industrial wastewater cfTluents, particularly, oil and petrochemicals related
industrics. The sclection was also designed to investigate the dependence of the
adsorption enhancement phenomenon, if existent, on the following chemical parame-
ters:

1. types of compounds (aromatics versus aliphatics)
2. groups (methanes versus cthanes)

3. number of halogen identical alkyl derivatives (tri. versus tetra.)

4. type of substitution (mcthyl,nitro, chloro, and bromo).

The practical importance of the oxygen-induced enhancement in uptake was tested
on four different wastewater samples, namely; domestic wastewater (DWW), and three
different streams from a petrochemical industry located in the castern province of
Saudi Arabia. FFigurc 3.1 shows a layout of the styrenc unit plant along with the loca-
tions of two of the strcams under study. Location 1 is a stream highly polluted with
benzene and related compounds, location 2 is after stripping the sticam of location |
for henzene vicld, and, finally, location 3 which is not shown on the figure is the last

strcam or cfTluent from the wholce plant.
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3.2 Results and Discussion

3.2.1 Adsorption of Aromatics

After the determination of residual concentration of adsorbates, the single-solute
isotherms for cach of the compounds under study obtained at 21°C were modelled by
the Freundlich cquation; q=ke'™ The close agreement hetween the concentration of
adsorbates in the blank bottles and the stock solutions indicated the lack of volatility
and biodecgradation of the adsorbates under the conditions of the experiment. The pos-
sihility of biological activity was also tested by monitoring the increase in the inorganic

carbon content during the equilibration period.

The data of the Freundlich curves for phenol, o-cresol, and 4-nitrophenol are pre-
sented i figures 3.2, 3.3, and 2.4 for the cascs of zero, and saturation levels of oxyvgen
(30 mg1). The figures clearly depict that the cxistenee of dissolved oxvgen in the cnvi-
ronment tremendously enhances the uptake of the three phenolies by GAC. This sta-
tistically-significant oxyvgen-induced uptake is not attributable to hiological degradation
since no increase in the inorganic carbon content was obscrved during equilibration.
Generally, the pereentage enhancement incrcases with decrcasing equilibrium concen-
tration. For example, the oxic equilibrium uptake for phenol at a concentration of 1000
mg/l is 74% morc than the anoxic uptake, while at 1 mg/l it is 263 %4 more than the
anoxic uptake. The corresponding figures for o-cresol arc 42% and 215%, respectively.
On the other hand, nitrophenol exhibited a modest 11%% increase in uptake under oxic
conditions at 1000 mg/l and 18% at 1 mg/l. The cxplanation for that will be discussed
fatter in this chapter.  While the general trend of increasing enhancement of the
adsorptive uptake of GAC with lower cquilibrium liquid phase concentration agrees

with the observations of Vidic and Suidan (14), the order of ecnhancement for the three
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phenolics does not. In their work on Filtrasob 400 GAC (Calgon Corp., PA, USA)
Vidic and Suidan (14) have reported increased pereentage enhancement for substituted
phenols such as o-cresol, chlorephenol, and ethylphenol. The discrepancics hetween the
results of this work and those reported by Vidic et al. (14) in terms of enhancement for
phenol and substituted phenols may be attributable to the differences in GAC charac-
teristics as well as the purity of the chemicals since GC-MS analysis of the nitrophenol

indicated the presence of impuritics.

3.2.2 Extraction Studies

Phenol vield cfficiencics of around 70% were attained for the anoxic isotherm
while only 23% of the phenol previously adsorbed on the GAC used in the oxic proce-
dure was cxtracted suggesting the formation of more strangly adsorbable compounds
on the activated carbon surface. Figures 3.5 and 3.6 show the chromatograms for the
GC-MS analvsis of the extracts of the GAC samples used in the oxic and anoxic phe-
nol cxperiments which revealed the presence of significant quantitics of two dimers,
identificd as 2.2-dihyvdroxy-1,1-biphenyl and d-phenoxyphenol and a trimer on the
GAC used in the oxic experiments while only traces of dimers were detected in the
anoxic extracts. For o-cresol, dimers and trimers were detected in the case of oxyeen
purged samples while only traces of dimers were found on the GAC used in the oxygen
frec experiment. Tt must be emphasized that no such compounds were found cither in
the extracts of virgin carbon or in the original stock solutions which suggests that tcl-
omerization rcaction took place on the activated carbon surface in the presence of

molecular oxvgen which may explain the higher oxic uptakes.
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3.2.2 Oxidizing Agents

The oxvgen-induced enhancement in the uptake of GAC for the phenolies has
stimulated work on use of other oxidizing agents. Figure 3.7 and 3.8 depicts the anoxic
phenol isotherms and those conducted with hydrogen peroxide and potassinm perman-
ganate, respectively. Both oxidizing agents have appreciably increased the uptake of
phenol by GAC without marked difference hetween their two levels, thus precluding

the limitation of their amounts in the test hottles.

Recovery analysis performed on GAC extracts from both isotherms, indicated that
only 26% of the adsorbed phenol in the case of hydragen perovide and a meager 2.1%
in the case of potassium permanganate was cxtractable. [furthermore, GC-MS analysis
of such cxtracts confirmed the presence of significant quantitics of the <ame dimers and

trimers abserved in the oxic isotherms, on the carbon surface.

The results of this study appears contradictory to the findings of Coughlin (67)
who used potassium permanganate to increasce the acidic oxides on a commercial acti-
vated carbon from 0.38 to 4.15 meq/g which lowered the adsorptive uptake of GAC for
phenol, and Snocyink ct al. (9) who reported that oxidation with aqucous chlorine
lowcred the sorption uptake for phenol. However, The reason for this difference may
he duc to the fact that those rescarchers treated the activated carbon with oxidizing
agents prior to mixing with the adsorbate solution, which may have resulted in changes
of the functional groups present in the activated carbon lattice. In the work published
by Coughlin and Iizra (R), the surface of the carbons werce modificd by wet oxidation

and reduction. Oxidation was carricd out by stirring the carbon samples in (N11,),5,04

0.1 N solution lor two weeks. The amounts of acidic and basic functional groups were

then determined by specific titration techniques.
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After that, adsorption isotherms experiments were carricd out for phenol and nitroben-
7ene. The results of such experiments showed that the incrcn;c of acidic functional
groups caused by oxidation decreased the adsorption capacitics for the above com-
pounds by about 50 . This was attributed to their acidic properties which do not
undergo chemi-sorption on an acidic surface. However, the increase of hasic functional
groups on the carbon surface by the addition of a reduction treatment step showed an

inverse cffect (i.c. increased the adsorption capacity of GAC for phenol and nitroben-

7ene).

Fvangelos ct al. (68) reported that batch reaction products of the free chlorine-
phenolic compounds reaction are mono-, di-, and trichlora derivatives, while when
“hlorine reacts with phenolic compounds adsarbed on GAC, many additional products
arc formed. 1t was concluded that GAC exposed to chlnr.inc hecemes capable of pro-
moting reactions such as hydroxylation of the aromatic ring, ovidation to quinones,

chlorine substitution, carboxylation, and oxidative coupling (dimer formation).

The above discussion clearly show that the rescarchers who had contradictory
results to this study were dealing with another phenomenon which is the formation of
acidic or basic functional groups on the GAC surface which had an cffect on the ¢he-

mi-sorption of acidic and basic compounds.

3.2.4 Reaction Mechanisms

The formation of the dimers found in the GC-MS analysis can arise as a result 0 a
free radical reaction in the case of oxvgen and as a result of jonic reaction in the case

of hydrogen peroxide and potassium permanganate.
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Two free radical mechanisms for the reaction ol phenol with oxveen and potas-
sium permanganate arc proposed and presented in Schemes Tand 2, respectively. The
two reaction mechanisms produces a final product of the dimer 4-phenoxyphenol which

was detected on the carbon surface.
The over all reaction presented in scheme 1 can be shown as

. I .
200N+ 20, 5 CpOylEy + 11O
From the previous chemical equation, 1 mg/l of DO consumes 1175 of phenol, while
from the icotherm experiments, the real ratio of oxvgen to phenol consumed (difference
in uptake) is B30 and 1:7.8 for Carbon masses of 1000, 500 mg, respectively. This

clearly shows that DO is not limiting the telomerization reactions,

Since telomerization was observed to occur on the activated carbon surface, the
cessential clements for the initiation and progression of such reactions are oxvgen,
adsorbate. and reaction sites. For a given adsorbate-adsorbent system at known cordi-
tions of pH and temperature, the extent of tclomerization is most strongly influenced
by two paramcters namely the mass of oxvgen needed for the reaction and the avail-
ability of adsorption sites i.c. mass of GAC. This dual-limitation of the adsorptive
uptake enhancement, attributed to tclomerization is best illustrated by Figure 3.9 which
shows the additional sorptive uptake attained under oxic conditions versus the initial
PO to GAC mass. The data show that for all the three compounds. the additional
uptake initially increased with increasing DO to GAC mass ratio to a point bevond
which the DO to GAC ratio did not cxert any appreciable influence on the additional

uptake.
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LEvidently then, at low 1O to GAC mass ratio, the enhancement in uptake is lmited by
the mass ol oxygen present in the test environment while at high DO to GAC mass
ratio, corresponding to low GAC mass the additional uptake is limited by the mass of

GAC or availability of adsorption sites [or the tclomerization reactions to take place.

Another important paramcter that appears to influence this enhancement in
uptake under oxic conditions is the adsorbability of the compound as reflected by its
rctention capacity. The additional uptake attained in the presence of oxvgen cxpressed
as a percentage of the anoxic uptake is a decreasing nonlincar function of the anovic
uptake (Figure 3.10). However, such representation of the oxvgen-induced enhance-
ment in the uptake of the GAC although readily interpretable in terms of the percemt-
age increasc in the cxtended service life of an adsorber, is misleading since the low
anoxic capacitics corresponding to high GAC masses and relatively Jow DO to GAC
mass ratio cxhibit the highest incremental capacities. To provide more insight into this
phenomenon and its dependence on the adsorbability of the pollutant, the actual addi-
tional uptake is plotted as a function of the anoxic isothcrm uptake in Figure .11,
since it is directly related to the stoichiometry of the tclomerization reactions responsi-
ble for this enhancement in view of the limited amount of molccular oxvgen and
adsorption sites available in the test environment. Figure 3.11 indicates that the addi-
tional uptake attained by the presence of oxygen in the test environment is initially an
increasing function of the anoxic adsorptive uptake of GAC. Such relationship sug-
gests that the c“cﬁt of the tclomerization taking place on the activated carbon surface
is strongly influenced by the retained adsorbate. The data for o-cresol and nitrophenol
clearly show that at high oxic capacitics the aforementioncd additional uptake becomes

independent of the amount of adsorbate retained under anoxic conditions.
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The high anoxic capacitics corresponds to high DO to GAC mass ratio and therelore
this "hindrance” of extended uptake is not attributable to oxveen limitation. It is thus
hypothesized that only a limited number of adsorption sites where conditions favor tel-
omerization cxist and thercfore percentage additional uptake is likely to decrease with
increasing adsorbate retention uptake which is consistent with the abservations of Fig-
urc 3.10. In fact, bascd on the isotherm cquation (1.5) for compcetitive adsorption, and
the low phenol yicld in the oxic isotherm, it can be concluded that while DO enhances
the overall uptake by the formation of telomers, it reduces the physical adsorption of

the phenolic compound.

3.2.5 Aliphatics

The isotherms for the aliphatic compounds presented in figures 3.12-3.15 show the
isothcrms for the aliphatic compounds. The data agrec with those found by Urano ct
al. (55) and SufTet (56). It is apparent that no cnhancement of the adsorptive uptake
of GAZ for the aliphatic compounds was obscrved regardless of the type of functional

group, type of substitution, and number of substitutions.

3.2.6 Wastewater

To corroborate the findings of this study and its practical applications, isotherms
studics were performed on three industrial wastewater streams and a domestic wastewa-
ter sample. The cquilibrium adsorption isotherms (or the wastewater samples are pre-
sented in Figures 3.16-3.19. The data point to a significant cnhancement in the uptake

of GAC for organics compounds when oxygen is available in the test environment.
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Biodcgradation was discounted as a possible cause for this increase in uptake through
monitoring of inorganic carbon. Once again the impact of oxvgen on the retention
uptake of GAC was more pronounced at low concentrations. Thus in a practical oper-
ation of GAC adsorbers which are usually designed to meet stringent cffluent criteria,
the addition of oxygen to the feed water results in a significant extension of their ser-
vice lifc. The rcason for the I.W.W responsc is that the samples contained aromatics
which have similar characteristics to the phenolics, while, for the D.W.W, the reason
might be the existence of chemicals in the influent stream coming rom ARAMCO
facilitics. Table 3.1 presents the Freundlich modcel constants for the compounds and

wastce water samples studiced.

To corroborate the findings of this study and toe make sure that these differences
arc not duc to cxperimental crrors, statistical analysis was carried out, and the null
hypothesis that attributes the differences in uptakes of activated carbon duc to the
presence of DO to random crror was tested.  The Analysis of Variance was constructed
following the methodology of Montgomery (57), whercby the ratio of the mean squares
of the variable of interest (residual concentration) to that of the crror is calculated.
The F-value is then compared with a corresponding value from a table under the same
degrees of (reedom as the data and a specified probability of crror. The result of the

analysis showed that the null hypothesis was strictly rcjected.
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Table 3.1. Freundlich Model Constants for the Compounds Studied at pIt = 7 and a

temperature of 21°C.

Compound - Isotherm Type k n R?
(mg,’g)(l.!mg)l/n

chloroform oXxic 1.09 0.63 0.99
anoxic 1.14 0.61 0.99
bromoform oxic 5.19 0.43 0.98
anoxic 533 0.42 0.99
1,1, 1trichlorocthanc oxic 0.76 0.34 0.99
anoxic 0.77 0.33 0.98
1,1,2,2tctrachlorocthanc oxic 3.01 0,22 0.98
anoxic 2.99 0.23 0.97
DWW oxic 0.016 2.3 0.94
anoxic 0.0013 2.9 0.95
I.W.Wloc. 1 oxic 0.26 0.64 0.93
anoxic 1.84 0.67 0.94
[.W.W loc. 2 oXic 0.66 0.94 0.96
anoxic 0.03 .65 0.94
1.W.Wloc. 3 oxic 1.58 0.65 0.97
anoxic 0.1 1.59 0.95
o-cresol oxic 190.4 0.13 0.94
anoxic 88.6 0.19 0.98
phenol oxic 835 .18 0.97
anoxic 1.7 .24 0.99
4-nitrophcenol oxic 87.0 0.15 0.99
anoxic 73.3 0.16 0.94

* R2? is the cocflicicnt of determination



Chapter 4

ACTIVATED CARBON ADSORPTION OF PHENOLICS
IN OXIC SYSTEMS: EFFECT OF PIT AND
TEMPERATURE VARIATIONS ON EQUILIBRIUM

4.1 Intraduction

In the previous chapter, the enhancement of uptake of phenolies by AC in the
presence of DO was cstablished.  This enhancement influences the prediction of the
breakthrough curves leading to a fallible design of adsorption columns, i.c. taking into
account the additional uptake gained by the presence of DO vickls a shorter column
for a given throughput waste volume or a longer run time which means less consump-
tion of GAC. This cnhancement in retention capacitics was primarily attributed to oxi-
dative coupling reactions taking place on the carbon surface. The production of irre-
versibly adsorbed telomeric products, while prolonging adsorber runs gives rise to a
major drawback of this enhancement phenomenon, namcly low or negligible regenera-

tion cfliciencics.

In view of the scarcity of information in the literature, the objective in this chapter
is to dclincate the impact of the solution pll and temperature on the enhancement in
sorption uptake attributed to adsorbate telomerizition. Isotherm studies are conducted
lor phenol and  o-cresol at room temperature and pll valucs of 3, 7. and T in oxic and

anoxic conditions.  Isotherm studics arc also conducted for the same sorbates at

76
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neutral pll and temperatures of 8°C. 217°C, and 357°C in both oxie and anaxic condi-
tions. GC-MS analysis was performed on the GAC extracts for phenol and o-cresol to

characierize the adsorbate phasc and study the extent of telomerization,

4.2. Results and Discussion

After the determination of residual concentration of adsorbates, the single-solute
isotherms for cach of the cases under study are well represented by the Freundlich

cquation: q=ke' ™.

4.2.1 pH Variation

The phenol adsorption data and Freundlich phenol curves at pll values of 3, 7,
and 11, arc shown in figures 4.1, 4.2, and 4.3 respectively, while the o-cresol data and
freundlich curves at pll valucs of 3, 7, and 11, arc shown in IMigures 4.4, 4.5, and 4.6,
respectively. The previous figures show higher retention capacities under oxic condi-
tions compared to the anoxic onc for the three pll values. Towever, the increase in
uptake differed in magnitude depending on the plIT value. 'or o-cre<ol, the percentage
cnhancement at 1 mg/l residual concentration was 22.5%, 115%, and 122% at pIl val-
ucs of 3, 7. and 11, respectively. While for phenol, the percentage enhancement at |
mg/l residual concentration was 70%, 163%, and 162.4% at pIT values of 3, 7. and 11,
respectively. Table 4.1 lists the Freundlich model constants lor these cases. The values
of k and I/n for phenol and o-cresol, and the fact that 1/n was higher in the case of
oxygen-free isotherm agrees well with the findings of Vidic ct al. (10, 14, S8) and

Nakhla ct al. (11, 59).
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Table -L1. Freundlich Constants for Phenol and o-Cresol at Various plls and temperature

of 21°C.
Compound Isotherm Type k 1/n In R?
(mg/g)(1./mg)
o-cresol oxic, pll 3 134.3 0.14 0.94
anoxic, pl1 3 109.6 0.7 0.97
o-cresol oxic, ptl 7 190.4 0.13 0.99
anoxic, pl1 7 88.6 019 0.96
o-cresol oxic, pil 11 65.4 0.20 0.97
anoxic, pil 11 29.4 0.19 0.96
phenol oxic, pIl 3 61.4 0.19 0.95
anoxic, pli 3 361 0.24 0.96
phenol oxic, pl1 7 R3.8 0.18 0.97
anoxic. pil 7 Ry 0.24 0.99
phenol oxic, pll 11 2.8 0.31 0.96
anoxic, pilT 11 12.5 0.37 0.95

* R? is the cocfficient of determination
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‘The extraction cfMicicncy of the adsorbates from the GAC was generally lower in
the oxic case comparcd to the anoxic one, thus confirming the findings of Grant and

King (13) and Vidic and Suidan (14).

Results of the GC-MS analyses performed on the extracts from the carbon used in
oxic and anoxic phenol and o-cresol isotherms suggested that a tclomerization reaction
promotcd by the presence of dissolved oxygen in the test environment is a possible
cxplanation for the obscrved low phenol recovery (adsorption irreversibility) and the
subsequent ecnhancement in uptake.  Significant amounts of dimers and trimers of phe-
nol and o-cresol not originating from the stock solutions or the carbon surface were
detected in the oxic samples while only traces of dimers were formed in the anoxic sam-

ples.

Figurcs 4.7 and 4.8 present the additional uptake as a percentage of the anoxic
uptake versus the anoxic uptake for the various pll phenol and o-cresol cases, respec-
tively. From the figures, it is scen that all the curves decrcase nonlincarly with increase
in the anoxic uptake. The data strongly suggests that at high sorbate concentrations
most of the adsorption sites are occupicd by the parent compound and thus relatively
fewer sites arc available for the oxygen-induced tclomerization products. It can also be
notcd that the order of cnhancement is ptt 7 > pll 11 > pll 3 for both phcnol and
o-cresol. Tigures 4.9 and 4.10 present the theorctical pC-pll diagrams calculated by
the following relation; pIl = pKa + Log {salt/acid}. The salt and acid in the alorc-
mentioncd cquation arc the conjugate basc and acid. To be able to understand and
rationalizc the observed trends in Figures 4.7 and 4.8, it is cssential to know the conse-
quences of pll variations on adsorption and rcaction of the sclected phenols. Low pll
mcans abundance of protons in the sorbate solution and completely acid forms of phe-

nol or o-cresol.
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pl! 7 means ncutral solution and mostly acid forms of the compounds, while at pil 11
there are very few protons and the compounds arc cxpected to be in the salt forms.
Phenol is expected to ionize more than o-cresol because phenol has a lower pKa (9.96)
comparcd to o-cresol (10.2) (60). Actually, the scanning performed in order to find the
optimum wavclength for the spectrophotometric determination of phenol and o-cresol
at pll 11 showed that for phenol the wavclength corresponding to maximum absor-
bance shifted from 270 nm to 288 nm, which is an indication of significant ionization,
and hence, formation of phenolate ions, while no change was obscrved for o-cresol. It
can be stated that phenol ionizes more casily than o-cresol which can also be explained
by the clectron donation property of the methyl group in the casc of o-cresol (60). The
responsce of adsorption and chemical reactions to the above solute conditions is as fol-
lows: adsorption incrcases when the number of protons incrcase (low pll) and vice
versa which agrees with the findings of many rescarchers (17, 18, 19, 22). While, the
adsorption ol unionized compounds is more than the ionized forms, ions have higher
afMinity for reaction than unionized compounds (13). Extracts of the carbon used in
the oxic pIl 3 isotherm were analyzed via GC-MS and found to contain only traces of
the dimers and trimers observed in the isotherm extracts at pll 7. The explanation for
this finding can best be illustrated graphically. Tfigurc 4.11 illustrates the responsc of
adsorption, rcaction, and adsorption-rcaction combination to pll variation. In fact, the
curve of adsorption-reaction shows that increasing pll has two opposing clfects on the
phenomenon (i.c increasing reaction and decreasing adsorption), which yiclds the trend

found in Figurcs 4.7 and 4.8 for the oxic cascs.

The ratio of sorptive uptake at different pll and DO levels to the uptake of the
anoxic isotherm at pll 7 versus the residual sorbate concentration is depicted in Fig-

ures 4.12 and 4.13,



91

vy weweg

Hd

- \ - /,///
NOILOVIY —
NOILd¥OSAV ——

NOILOVIH—NOILJAOSAY ==

&

‘uoIPUIqUIOY) UOI}0D3Y—uoIldiospy uo Hd jo 199443 paziaylodAH | |4 ainbiy

NOILVYNIENOD "NOILIVIY ‘NOILdH0SaV



92

YUY wmvey

"0, 1C = L 10 ‘UOIIDJIUBDUOY |DNPISTY SNSIOA Hd
IDJ3N3N 30 330}dM Sy} 0} BAIRD[Y SHA JuBIaYIQ }0 saxDYdN |oudyd :Z L'y 34nbig
(1/6w) NOILY¥LNIONOD
000L 006 008 00L 009 00S OOy 00f 00Z o0o0l ooo.o
| | | | I

_ T _ 1

-10¢°0
o¥’
09

ll..ll..lll..ll-.ll.. low.

e o e —t 00"

.................................................................................. A0T’

o

(DIXONV ‘£ Hd 40 IVLAN / IAVLdN)

\

\

!
)
¢

I
I
I
|
I
l
I
l
|
|
)

MMM ANANNONNrT -~ — 00

. b - o it 4 — s cam b -
. " - .
T o et s e ¢ e+ s ame b s e
o -
L R
.

§/
oo
cm

0T’

o
<

OIXONV ‘C =Hd ---
OIXO ‘L =Hd ---
JIXONV ‘L =Hd — ]
JIX0 ‘L1 =Hd — 0¥’
OIXONY ‘1| =Hd+—

I g |
o)
@

l
sNoNe)]
NOm

oY ¥e)
Q ® ©
MM




93

PSR Wvey

9 olZ = 1 10 ‘UoioJUadUCY) [DNPISaY SNSJaA Hd (043

—naN 1o mﬁoa: 3y} 0} 3AI}D|ay SHA juaJajiip 10 saDIdM |0S3I)—0 ¢ |y 34nbi
(1/65w) NOILYYLNIONOD

0001 oﬁ_a 008 00L 009 00S 00y 00¢ 00Z oh_: %00

I ] | | | ] ]
—0z°0
l..l:l..l:l..l..l..l..l.......\Lofoxm
e L.om.om
Illlllnll..ll.llllllllll'llllll.lom.ox
.............................................................................. 00" L™
.--.,J,uow._m
e oYL
X0 ‘'S =Hd ~| 7 T 1091 7
. o8l
IXONY =Hd --- '
JIXONY ‘S =Hd {00z
JIXO 'L =Hd -- —0Z'Z N
] = >
OIXONY ‘L =Hd — 0v'e =
—409'2 £
JIXO ‘L =Hd — +H08'z2
DIXONY ‘1| =Hdre— -00°¢
ALY




94
The utility of plotting the data in the manncr shown is quite conspicious as it chables
onc to determince the uptake at any concentration at various test conditions given only
the sorptive uptake at ncutral pll. The aforementioned discussion will be used as a
basis for the explanation of the results shown in Figure 4.12. The fact that the uptake
of phenol and o-cresol can be increased by about two to three folds simply through
modifying the solution pll and its dissolved oxygen content is noteworthy. It can be
scen that gencrally the two sorbates exhibited similar trends. The ratio of the respective
capacitics to the anoxic uptake at pIl 7 decrcased rapidiy at low concentrations and
rcmaincd rclatively constant thercafter. The capacitics at pll 11 cxhibited a slightly dif-
fecrent trend in the scnsc that their ratios to the anoxic isotherm at pll 7 increascd
sharply at low concentrations and subscquently stabilized. At low residual concentra-
tions corresponding to relatively low initial DO to GAC mass ratio, although the
cxtent of the telomerization is enhanced at pll 11, this reaction is limited by the avail-

ahility of oxygen for its progression.

The rclative independence of this  uptake ratio at high concentrations suggests

that the pll cffect on adsorption may be hypothctically modeclled as;
!

Aq = K, [{1I* = 1077 Cﬁ a.1)

where, Aq is the change in uptake rclative to anoxic uptake at pll 7, mg/g, K, m, and

s arc constants, (I1*} is the hydrogen ion concentration, molc/l, and C, is the sor-
m

bate cquilibrium concentration, mg/l.

Thus, the ratio plotted as the ordinate of Figurc 4.12 is given by

(_.
L L o’ e™ ™
K2

1 (4.2)
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1 c 4. - .
where, K, and — arc the Freundlich isotherm constants at ncutral pll. For a given
n
2

pil, all the terms in Equation (4.2) are constant except the C_ term. Given the low val-

ucs of — for the two adsorbates listed in Table 4.1, this ratio in uptake becomes rela-
n
2

tively inscnsitive to the changes in residual concentrations. The value of the ratio
given by Lquation 4.2 can be greater or less than 1 depending on the value of the pll
term between parcenthesis. The validity of this representation is emphasized by the data
shown dcpicting the anoxic isotherm at pIl 3 and pll 11, respectively, above and below
1. However, in the presence of oxygen, Fquation 4.1 must be modified to include a
term that accounts for the incremental uptake duc to tclomerization rcactions. This
rcaction term strongly influences the aforementioned ratio and in extreme cases as for
phenol it could counterbalance the ncgative pll cffect at high pIl values and result in
ratios cxceeding 1. While o-cresol acted similarly, the reaction term at pll 11 was not

very high duc to a lower degree of ionization of o-cresol relative to phenol.

4.2.2 Temperature Variation

The Freundlich phenol curves and data at pIl of 7 and temperatures of 8°C, 21°C,
and 35°C arc shown in figures 4.14, 4.15, and 4.16 respectively, while the the Freund-
lich o-cresol curves at pll 7 and temperatures of 8°C, 21°C, and 35°C arc shown in fig-
ures 4.17, 4.1], and 4.19, respectively. It was found experimentally that the increase in
temperature from 21°C to 35°C reduces the saturation concentration of DO from 32
mg/l to about 28 mg/l so, here, the term oxic presents DO concentration of 28 mg/l
As in the case of pll variations, the aforementioned figures show higher capacitics for

oxic conditions comparced to the anoxic oncs for the threc temperature values.
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Iowever, the increase in sorptive uptake was strongly dependent upon temperature.
For phenol, the pereentage enhancement in sorptive uptake at 1 mg/l residual concen-
tration was 134%, 163%, and 200% at tempcraturces of 8°C, 21°C, and 35°C, respee-
tively, while for o-cresol, the percentage enhancement in uptake at I mg/l residual con-
centration was 90%, 115%, and 130% at temperatures of 8°C. 21°C, and 35°C,
respectively.  Table 4.2 lists the Freundlich model constants for the data alrcady shown
in the aforementioned Figures. [t is noted [rom the table that the value of 1/n was
higher in the case of anoxic compared to oxic isotherms. It is also scen that the value
of 1/n rcflecting the dependence of the sorptive uptake on the liquid phasc concentra-
tion incrcased with temperature. The percentage additional uptake caused by the pres-
ence of DO is shown as a function of the anoxic uptake in Figure 4.20 and 4.21 for
phenol and o-cresol, respectively. Tt is apparent that the relative enhancement in
uptake is a nonlincarly decreasing function of the anoxic uptake, which can be attrib-
uted to sites limitation at high anoxic capacitics. [t is also noted [rom IFigures 4.20 and

4.21 that the order of percentage cnhancement was at T = 8°C < T = 21°C < T =

35°C. Not only do the relative increases depicted in Figures 4.22 and 4.23 suggest that
incrcasing temperatures favor the tclomerization reaction but also the actual magni-
tudes of these incremental capacitics point to the same finding which is consistent with
the obscrvation of Grant and King (13). An endothermic telomerization reaction would
rationalize the observed cffects of temperature on adsorption under oxic conditions.
IHowever, the differences between the additional capacitics at 217 and 35°C arc much
morc pronounced at high anoxic capacitics than at low oncs, and this is also truc
between 217 and 8°C. At low anoxic capacitics corresponding to low DO to GAC mass
ratios, oxvgen limitation cffects on telomerization become significant, and thus reduc-

tion in solubility of oxygen at high temperatures tend to accent such limitation.



Fable 4.2, Freundhich Constants for Phenol and o-Cresol at Various

Temperatures and pll 7.

Compound Isotherm Type k In R?
(mg/g)(1./mg)1/n
o-cresol oxic, T= §°C_ 197.5 0.13 0.95
anoxic, T= 8C 104.0 018 0.96
o-cresol oxic, T= 2l°C° 190.4 0.13 0.99
anoxic, T= 21 C 88.6 0.19 0.96
o-cresol oxic, T= 35C 175.0 0.14 0.94
anoxic, T= 35°C 76.1 0.20 0.97
-]

phenol oxic, T= 8 C 96.7 0.16 0.95
anoxic, T= 8T 41.8 0.21 0.96

o
phenol oxic, T= 21 C, 83.5 018 (.97
anoxic, T= 21 C 31.7 0.24 0.99

[+]
phenol oxic, T= 35C, 57.3 0.20 0.96
anoxic, T= 35C 19.0 0.25 0.94

* R? is the cocMeient of determination
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These results arc contradictory to those of Vidic and Suidan (14) who noted that
increasing the temperature from 21°C to 35°C did not have significant cflects on the

adsorption-cnhancement phenomenon attributed to sorbate telomerization.

The net clfect of temperature on adsorption of phenolics may be evidenced as a
combination of physical adsorption and oxygen-induced telomerization. Figures 4.22
and 4.23 rcpresent the ratio of oxic and anoxic capacitics at different temperatures ver-
sus the residual adsorbate concentration for phenol and o-cresol. The additional reten-
tion uptake duc to sorbate telomerization can be readily deduced from Figures 4.22 and
4.23. Tor the anoxic systems, the uptake increased with the decrease in temperature,
thus agreeing with the commonly known fact that adsorption is an exothermic process
(61). Tor the oxic cases, phenol and o-cresol behaved differendy, while the net cfTect
of temperature on the oxic sorbate uptake of a-cresol was the same (or the three temp-
craturcs studied, i.c. 8°C, 21°C, and 35°C, the oxic capacitics for phenol were lower at
35°C than at 8°C and 21°C. The loading data for o-cresol suggests that the positive
cflect of temperaturc on tclomerization is counterbalanced by the reduction in physical
adsorption at 35°C, and vicc-versa at 8"C. The slight difference in behavior between
phenol and o-cresol can be cxplained by considering the relative ratios of the anoxic
loading at 35°C to the reference uptake at 21°C. For o-cresol, the anoxic uptake at
35°C was 85% while for phenol, it was about 60% of the reference uptake. Thus
despite the significant enhancement attained by the presence of DO, the oxic uptake at

35°C fails to approach that at 21°C.

In an attempt to dectermine the heat of adsorption for phenol and o-cresol, the

Arrhenious equation was used. The cquation is:
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- All
k=kn C\'P(—RS—T) (41)
which can lincarized as;
_v _ AH
logk=k, = S5 RT (4.4)

where, k is the Freundlich constant, kg is the intercept, R, is the universal gas constant
= 8.31 J;(mol.K), —All is the heat of adsorption, and T is temperature in kelvin, Fig-
ure 4.24 presents the relation in Equation 4.4 for phenol and o-cresol, {rom which the
intereept k, was = -2.3 and 0.5 for phenol and o-cresol, respectively, while, the heat of
adsorption —AIl was calculated from the slope and found to be -8124 J/molc and
221170 J/molc for phenol and o-cresol, respectively. The use of the alorcmentionced

rclation enables once to predict the capacitics at different temperatures using the follow-

ing cquation:

All

R, T

1
)c* (4.5)

q=ko cxp(—

providing the appropriate constants arc used.



110

ANQY weves

‘14 1sag jo saur] ypm Buoly |0s81)—0 puD |ousyd
10} ainjoJadwa] pup SjUDISUOD Ydl|punal usamiag diysuono(Ry vz 3.4nb1 4

/L) L/
oo’ 00<S¢00° 00+¥£00° 00¢¢00° 002 ’
008t T T T I T T _ m.an%+m:
IONJHd =
70S34I—-0 + = Az
x~
3
n & W
—
J.v ~
a
lm ~
Sl
-9
—L
-8
—20+31




Chapter 5

EFFECTS OF DISSOLVED OXYGEN LEVELS ON
EQUILIBRIUM OF PHENOLICS

ADSORPTION BY ACTIVATED CARBON

5.1 Introduction

The recent work addressing the role of oxygen in thcl adsorption of phenolics on
AC has been conducted at two levels of DO; zero and saturation with oxygen (DO
concentration around 30 mg/l), and thus docs not permit precisc modelling of DO
cfTects on adsorption cquilibrium. The objective of this study is to provide further
insight into the cffect of DO on the kinctics and adsorption cquilibrium of phenol and
o-cresal by AC. A sccondary objective of this study is to present a mathematical model
of such cfTects that could be used to describe adsorption uptakes at various DO con-
centrations.  Four levels of dissolved oxvgen werce sclected namcely: zero. 4 mg/l, satura-
tion with air corresponding to DO about 9 mg/l, and saturation with pure oxygen (DO
concentration around 30 mg/l). Those DO levels will be denoted hereafter as DO levels

1, 2, 3, and 4, respectively.

In order to study the cffect of the different oxygen levels on Kinctics of adsorption,
closed hatch studies were performed on the adsorption of phenol on GAC under the

aforementioned four levels of dissolved oxygen.
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5.2 Restlts and Discussion
5.2.1 Equilibrium Studies

After the determination of residual concentration of adsorbates, the single-solute

loadings for cach of the cases under study were described by the Ireundlich cquation;

q=ke"™

The phenal uptakes are plotted against the residual concentration in Figures S.1
and 5.2 on logarithmic scale (Freundlich loading) and lincar scitle (to aceent the difTer-
cnces) at the four levels of DO, while Figures 5.3 and 5.4 represents the o-cresol case.
In the following discussion, the term “anoxic”™ and “oxic™ refer to DO levels 1 and 4
corresponding to concentrations of 0, around 30 mg/l, respectively. The two fignres
clearly show that the uptake increases with the increase in the DO level. For o-cresol,
the percentape enhancement at 1 mg/l residual concentration was 43%, 71%, and
115% of the basc anoxic uptake at DO levels 2, 3, and 4, respectively,. while for phe-
nol, the pereentage enhancement at | mg/l residual concentration was 52%, 93%, and
163% of the anoxic uptake at DO levels 2, 3, and 4, respectively. Table 5.1 lists the
Freundlich model constants for the cases alrcady shown in Figures 5.1 and 5.3. I'rom
Table 5.1 it is apparent that while the values of k are increasing with the increasc in
DO content 1/n valucs arc decreasing for phenol and o-cresol. This agrees with the
findings of Vidic and Suidan (14) who observed in two DO levels experiment (oxic and

anoxic) that 1/n was higher in the casc of oxvgen-frec loading.
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Table 5.1. Freundlich Constants at Different DO Fevels for Phenol and o-Cresol, at tempera-

ture of 21°C, and pll 7.

Compound I1sotherm Type k Iin R?
(mg/g)1./mg)

o-cresol anoxic, DO 1 88.6 0.190 0.96
oxic, DO 2 126.8 0.173 0.95
oxic, DO 3 1517 0.154 0.96
oxic, DO 4 190.4 0.130 0.99

phenol anoxic, DO | 3.7 0.240 0.99
oxic, DO 2 48.3 0.223 0.95
oxic, DO 3 61.1 0.203 0.96
oxic, DO 4 83.5 0.180 0.97

* R2 is the cocficient of determination



“w gl Wwiwey

*1°C 8|gD] Ul UBAIH S]UDISUOD Buisn saAInD ydi|punadd
114 1s9g yym Buoly £ 4o Hd puo 9 LZ = 11D |oUsyd jO saypydn :1°G a4nbi4
(j/6w) NOILVYLNIONOD TON3Hd

co+3L b ¢ 7 Zo+3L v € T 10+3L v € ¢ 00ty 4
TT 1T T 1 ] Trrriri 1 ] rTrrr 1 1 1 1
| 1AA37 00 w -1C
Z73A3T 00 + B .
S 2
¢73A31 00 © =) 3
» 13N 00 © Rt
.IN —
o
¢ Q
. o
-1S Z
v @
o =] —
20+3lg
«
-z W
¢
-1S
L
Jco+31




115

puvgipe wvag

"/ 40 Hd pup "Q

¢ =110

sjoaa] uabAxQ juasapyiQ Japun |ousyd j0 sayp1dn :Z'G 24nbid
(1/6w) NOILVYINIONOD TON3Hd

L 13A31 Od

¢ 13A371 0d

o

¢ 73A31 Od

¥ 13A37 0d

000L 006 008 00L 009 00S 00¥ 00¢ 00Z 00l
T _ I _ T T _ _ _

o
wn

n -00!

04061
a

+
l
o
o
o~N

(6/6w) 9NIQVO1 LNIGYOSAV

-10G¢

00¢




116

Vgl wewep

"1°G 9|qD] Ul UdAIS SJUD}SUO] Buisn saAaund ydipunal
14 3s8g ypm Buoly £ o Hd puo "D LZ = L 10 |0sa10—0 0 sayoydn :¢°G ainbi4
(1/6w) NOILY¥INIONOD 10S3¥0-0

¢0+31 ¥y ¢ ¢ ¢0+3l y ¢ T l0+31 Yy ¢ ¢ oo+%_.
T T T 1 1 ITTIrT T T 1 1 TTT T T T T 1

L 13A37 040 = . 19

—L
Z 13A31 00 + g

-6
¢713A31 04 o . 50+31
$73A37 00 °

(6/6w) oNIQYO1 LNIBHOSAV




117

e £ 40 Hd pup "9
sjans] uabAxQ juaiayyig Jepun |0s31)—0

¢ =110
7o soxp}dn $'g 94nbiy

(1/6w) NOILVYINIONOD 10S3¥3-0

000l 006 008 00/ 009 00S 0O¥ 00¢ 00C 00l
T T _ _ T T _ _ _

| 13A37 00 =
¢13A31 04 o
¢ 13A371 00 +
¥ 13A37 00 ©

£
:

+
(6/6w) 9NIQVOT LNIBHOSAY

&o
+

oS

o
—

Ny
o
un
-

fod
g
o
Te)
N

n
0-00¢

I
(@)
Ty
M)

|
(@]
o
~

—-0S¥

00S



118

5.2.2 Extraction Studics

As mentioned in chapter 3, GC-MS analvsis of the extracts of the GAC samples
used in the oxic and anoxic phenol experiments resulted in dimers which could he iden-
tificd as; 2,2-dihvdroxy-1,1-biphenyl and 4-phenoxyphenol and a trimer on the GAC
used in the oxic loading while only traces of the dimers were detected in the anoxic
cxtracts. 1Towever, more work was done in this stage. For o-cresol, the above analysis
was performed on the cases of DO levels 1, 3, and 4 (i.c anovic, "purged with air”, and
“purged with purc oxvgen™. Results of the GC-MS scans arc presented for the anoxic,
“purged with air”, and oxic cases in Figures 5.5, 5.6, and 5.7 ,respectively. 1t is appar-
cnt that the anoxic extracts contained much higher concentration of o-cresol (peak at
120 nm) and trace amounts of the dimers represented by the peaks at sean numbers
342 and 364 relative to the oxygenated samples. Signmificant amounts of the above two
dimers, trimers represented by the peaks at scan numbers 462 and 475, and higher tel-
omers were detected in the two cxtracts from the partially and fully oxvgenated sam-
ples. Interestingly, the intensity of the peaks showing such dimers and trimer was
higher in DO level 4 sample (DO around 30 mg/1} compared to DO level 3 (DO around
9 mg/l) as shown in Figures 5.6 and 5.7. This tclomerization coupled with lower recov-
cry of the original adsorbate explains the results of the loadings presented in Figures
5.1 and 5.3 and Table 5.1. It must be cmphasized that no such telomers were found
cither in the cxtracts of virgin carbon or in the original stock solutions which suggests
that occurrence of telomerization reaction on the activated carbon surface in the pres-

cnce of molccular oxvgen is the rcason for the higher oxic uptakes.
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Since the telomerization was observed to occur on the activated carbon surface,

the cssential clements for the initiation and progression of such reactions are oxygen,
the adsorbate, and reaction sites. For a given adsorbate-adsorbent svstem at known
conditions of pll and temperature, the extent of telomerization is most strongly influ-
enced by two parameters namely the mass of oxygen needed for the reaction and the
availability of adsorption sitcs i.c. mass of GAC. This dual-limitation of the uptake
enhancement. attributed to telomerization is best illustrated by Figures 5.8 and 5.9
which shows the additional sorptive uptake attained under oxic conditions versus the
DO to GAC mass ratio at the three oxic conditions (DO levels: 2.3, and d) for phenol
and o-cresol. The data shows that for DO level 2 (lowest amonnt of oxygen), the
increase in the additional uptake relative to the increase in DO to GAC miass was the
highest; since the amount of DO was low and thus the ratio of DO ta GAC mass was
Jow, the cnhancement in uptake is limited by the mass of oxygen present in the test
environment. On the other hand, in the case of DO level 4 (highest amount of oxv-
gen), there is almost no effect of DO to GAC mass ratio on the additional uptake after
a DO/GAC mass ratio of 0.007 and 0.0117 for phenol and o-cresol, respectively. This
can be cxplained by the sites limitation at this high ratio of DO to GAC mass and
henee the additional uptake is limited by the mass of GAC or availability of adsorption
sites for the tclomerization reaction to take place. Interestingly, and inspite of some
scatter. the data of DO level 3 is in bhetween the two trends, in agreement with the
plausible cxplanation given. In fact, the three curves cin be taken as onc continuous
curve reflecting the relation between the additional uptake and the normatized DO con-

wents.
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Another important parameter that appears to influence this enhancement n
uptake under oxic conditions is the adsorbability of the compound as reflected by its
retention uptake. The additional uptake attained in the presence of the three oxygen
levels is plotted as a function of the anoxic loading uptake for phenol and o-cresol in
Figures 5.10 and S.11. The two figures clearly depict that at Tow uptitkes, the addi-
tional uptake attained by the presence of oxygen in the test environment is an increas-
ing function of the anoxic adsorption uptake. while at high anovic uptakes the addi-
tional uptake hecomes independent of the amount of adsorbate retained under anoxic
conditions. At this high level of oxygen content, the hindrance of extended adsorption
uptake is not attributable to oxvgen limitation, and therefore. the other limitation (i.c
surface sites) is controlling. The above findings arc supported by an experiment per-
formed by Vidic and Suidan (14). In that experiment, bottles were filled with adsorhate
solution containing 1000 mg?l o-cresol and 9 mg'l DO. GAC masses were chosen 130,
R0, and 500 mg. DO level in cach sct of bottles were monitored with time (Vigure
5.12). From the figure, it is clear that DO consumption is a function of GAC masses

(i.c. adsorption sites).

5.2.3 Modeling

Based on the trends depicted in Figures 5.8 and 5.9 a mathematical relationship
bhetween the additional uptake gained by the presence of DO and the ratio of DO to
GAC mass for phenol and o-cresol can be determined. The SAS package (62) was
used to perform the nonlincar regression analysis, and the following general relation-

ship was found
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Figure 5.12: Oxygen Uptake with Time (Ref. 14)
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Aq = MR, (5.1

where. Aq is the change in uptake relative to the anoxic uptake, mg'g. R sub o is the
ratio of DO to GAC mass, M, is the model constant (= {27 and J426 for phenol and
o-cresol, respectively), while b is the model cxponent (= 0427 and 0.23 for phenol
and o-cresol), respectively. Another nonlincar relationship was tested in which the oxic
uptake was the dependent variable while the anoxic uptake and the GAC mass ratio

were the independent variables. The cquation took the form;

q= qq + Lial" IR, (5.2)
where. q and g, are the oxic and anoxic uptakes, respeetively, 1 is the madel cocMicient
(= 378 and 442 for phenol and o-cresol. respectively) while h and d arc model expo-
nents. (h = 0.345 and 0.329 for phenol and o-cresol, respectively, and d = 0.069 and
0.042 for phenol and o-cresol. respectively).  Liquation S.1 and 5.2 will be denoted
heneeforth as model 1 and model 2, respectively. Tt should be noted that Equation 8.1
can be expressed as,

q=q,+ (MIRT} (5.3)
while Fquation 5.2 can be expressed as;

Aq = Llgyl" IR[ (5.4)

Figures 5.13 and S5.14 depict the theorctical models predictions along with the
experimental data of phenol on logarithmic and normal scales. respectively, while Tig-
ures 5.15 and 5.16 represent the case of o-cresol. These data were reported by Vidic
and Suidan (14). The anoxic loading given in that study was used to caleulate the GAC
masses given the sorbate volume and initial concentration. The DO content provided in
the study was divided by the GAC masses in order to calculate the ratio of DO to

GAC mass ratio which is denoted by the independent variable R in the two modcls.
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Using the aforcmentioned values of R and the anoxic uptakes given by the anoxic
loading the oxic loading was predicted by the use of Madcls 1 and 2. The objective of
presenting the data on both logarithmic and lincar scales is to clarifv the whole range
of data, since the logarithmic scale will take care of the low values while the high val-
ues will be better illustrated by the lincar scale. Figure, S.13 and 4.14 show that the
two modcls predicted the phenol oxic loading very well while the prediction capability
was somewhat weaker in the case of o-cresol as shown in Figures 5.15 and S.16. This
is supported by higher chi-squarc values in the case of o-cresol prediction compared to
that of phenol. The utility of the above models is quite conspicuous, since the oxic

loading can be caleulated knowing the anoxic loading and the initial DO content.



Chapter 6

KINETICS OF PHENOLICS UPTAKE

BY ACTIVATED CARBON

6.1 Introduction

Knowledge of adsorption kinctics for adsorption systems is essential for the design
and opcration of adsorbers. Furthermore, like in the case of cquilibrium uptake, it is
also important to study factors affccting the kinctics such as temperature, pll, and

more reeently dissolved oxygen content which has Sieen demonstrated to strongly influ-

cncc the adsorption process.

in the previous chapters, dissolved oxygen (120) was shown to induce telomeriza-
tion reactions for phenolics on the activated carbon surface, impraving their uptake.
The effect of pIT and temperature and different levels of DO on the enhancement in the
uptake was also investigated in the previous chapters. The objective of this chapter is
to mnvestigate the cffect of the aforementioned variables (c.g. pIl, temperature, and dil-
ferent DO fevels) on the kinetics of physical adsorption and the kinetics of adsorption-
rcaction combination. The homogencous surface diffusion mode! (FISDM) will be used

in order to calculate the diffusivity cocflicients related to the hatch cxperiments.

135
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6.2 Results and Discussion

6.2.1 Effect of DO Levels

The apparent surface diffusivitics for phenol and o-cresol were determined from
the batch test data presented in Figures 6.1 and 6.2. Tt is apparent that rapid uptake
of adsorbatc, that was independent of the presence of DO in the test environment,
occurred during the first 12 hours, followed by a much slower uptake until cquilibrium
was attained. It is worth noting that cquilibrium was attained after only 48 hours in
the anoxic batch while taking about 14 days in the oxic batch. Furthermore, the
strong dependence of the equilibrium uptake on the DO concentration corroborates the
findings of the isotherms discussed carlier. Similar results were abserved for phenaol at
pll 12 by Cooney and Xi (63). The rapid initial uptake is primarily duc to physical
adsorption of phenol onto activated carbon and the subsequent prolonged uptake is
cxplained by the telomerization reactions which have been reported by Grant and King
(13) to be promoted by longer contact times. It is therefore, apparent that telomeriza-
tion is the ratc limiting step in the overall uptake of phenol and o-cresol. The phenol
and o-cresol uptake rates in all three batches containing dissolved oxygen were identi-
cal for the first two davs and remained similar for another day in the two batches con-
taining DO concentrations of 9 and 30 mg/l (DO levels of 3 and 4, respectively) after
which time marked differences in uptake were observed. It is conceivable that the rate
of diffusion of oxygen, necessary to promote telomerization increases with increasing
DO concentrations but it appears that the extent of of telomerizition governs the equi-
libration time i.c. longer times arc needed for higher concentrations off DO as evident
by the data in Figures 6.1 and 6.2. In the first two days when the additional uptake due

to reaction is low, differences in residual concentrations between the three DO levels
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are masked. As time increase, such differences hecome more pronounced as a result of
of progression of the telomerization process at widely varying rates. The kinctic data
were analyzed using the procedure deseribed by Tracgner and Suidan (40} A two
parameter search-approach was used to accomplish the best fit of the HSDM to the
cxperimental data (Figures 6.1 and 6.2). The aforementioned procedure had the follow-

ing statistical critcria
ri = -vi - \'(.‘(.t‘») (()”

where, v, arc the cxperimental data at certain sclected times t, and v(x.() the corre-
sponding output of the [HISDM. The residual r; is a measure for the standard deviation
at times t, and is only duc to noisc in the data and should cxhibit random character,

The nonlinear least square problem consists now of choosing x, the parameter vector

so that the fit is as close as possible to the y, values in the sense that the sum of

squares of the residuals r, (x)'s is minimized:

12

minimize =% R (x)" R(x) = r(x)* = [x) (6.2)

1
2 -

where, m;<n and m, is the number observations, n the number of parameters to be

determined, and R(x) is the residual vector.

. . m . .
In the long time region a plot of log(1 - —) versus t should he lincar with a slope
m

A

related to the inverse time constants of the combined diffusion-reaction phenomenon
and to the uptake, here,

m ¢ —C
|-— = 1-|—=]
m,, €y~ Ca

’
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where, ¢,. and ¢, arc the initial and  cquilibrium concentrations, respectively, while ¢ is

the concentration measured at any time as shown in Figures 6.3 and 6.4 for the data
. C e . m,

previously presented in Figures 6.1 and 6.2, In another presentation, — was plotted
m,.

against squarc root of time in Figures 6.5 and 6.6 for phenol and o-cresol, respectively.
The two presentations shown in FFigures 6.3-6.6 illustratc very clearly the nature of the
phenomena, Figures 6.3 and 6.4 have shown different apparent diffusivity with different
DO levels in the fong time range which is attributed to the reactions and uptake, Iig-
urcs 6.5 and 6.6 demonstrated that in the short time region, the four curves related to
different DO levels had the same slope which means that the diffusivity was constant
and not a function of DO level. As a result, it is postulated that in the beginning, phys-

ical adsorption controls. Surface diffusivitics (D) were found by the HSDM modet for

the four DO levels and presented in Table 6.1 along with y* values calculated for the
data and from thc tables for both phenol and o-cresol. The 7? values were lower than
the table values for both the oxic and anoxic cxperiment which means that data is
fairly predicted by the 1ISDM modecl. However, the y? values for the anoxic cases were
much lower than the oxic oncs and the 3? values increase with the increase in the DO
level. This shows that the HISDM prediction capability is cxcellent for the anoxic
cxperiments (physical adsorption) and this capability decrcases with morce interference
from telomerization reactions. The resulting difTusivities for phenol and o-cresol arce in
agreement with the literature values (35,40) lound at ncutral pit and room temperature
as 3.53 X 10 *and 2.41 X 10 * for phenol and o-cresol, respectively. Figures 6.7 and
6.8 show the closed batch kinetics under different DO levels along with HHSDM pre-
dictions for phenol and o-cresol, respectively, Figures 6.7 and 6.8 depict the good pre-

diction capability HHSDM model has for physical adsorption (anoxic curves), whilc this
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Table 6.1. Apparent DifTusivitics of Phenol and o-Cresal Evaluated by the HSDM Model

Under Different DO Levels at temperature of 21°C and pll 7.

Compound Opcrational Conditions ll§|) M (Ds) y?
cm’/see

o-cresol oxic (DO 4) 1.4E-08 0.89
oxic (DO 3) 2.0E-08 0.43
oxic (DO 2) 2.513-08 0.36
anoxic (DO 1 8.31-08 0.026

phenol oxic (DO 4) 7.61:-09 2.1
oxic (DO 3) 1.4E-08 0.67
oxic (DO 2) 1.61:-08 0.36
anoxic (DO 1) 6.3E-08 0.054

2
Lona n0s

8.058
8.05
8.08
8T

8.05
S.05
8.08
8.7
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was not always the case for the oxic curves. The reason is that the TISDM model is
based on physical adsorption assumptions only, and, therefore, docs not include anvy
rcaction term in the mathematical formulation, however; the diffusivity coeflicients cal-
culated for the oxic case, although they do not reflect the nature of the process very
well give a way of comparison lor the cflects of environmental conditions on the telom-
crization rcactions. The difTusivity cocfMicients found by the HISDM model were plat-
ted against DO to GAC mass ratios in Figures 6.9 and 6.10 for phenal and o-cresol,
respectively, The previous Figures clearly indicate that the apparent diffusivity <ocfTi-
cient decreases with increasing DO concentrations. It is also noted that the largest drop
m the diffusivity was between the DO level | (anoxic) and the other levels, while the
difference between the diffusivity values in the oxic levels were not as high. Such
decrease in dilTusivity, a measure of how fast cquilibrium is attained, with increasing
DO concentrations, is obviated by the slow telomerization rate controlling the uptake

process and resulting in relatively long equilibration time.

6.2.2 Effect of pIl Variation

The anoxic and oxic closed batch kinetic experiments for phenol at pil values of 3,
7, and 11 arc shown in Figures 6.11, 6.12, and 6.13, respectively, while Figures 614,
6.15, and 6.16 represent the o-cresol case. IFrom the aforementioned Tigures, it is clear
that pll variations afTect the kinctics of adsorption presented by the anovice case as well
as the kinctics of adsorption-reaction combination presented by the oxic one. The data
in Figures 6.17-6.22 show that the cquilibration time for physical adsorption increases
with the increase in pll, while, on the other hand, for the oxic case in which telomeri-
7ation reaction is taking place, the cquilibration time is unafTected by the pll varia-

tions. Tlowever, while at all the plis equilibrium was attained on the cleventh day of
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the experiment, the last measurcment before this time was alter 7.5 davs [rom the start
of the experiment. So, one can only canclude that cquilibrium was maintained in the

four cascs in the period of (7.5-11) days [rom the start of the experiment.

The data presented in TFigures 6.11-6.16 will be shown in terms of lincarized
uptakes. Phenol lincarized uptakes at pli values of 3, 7, and 11 are plotted and shown
in Figures 6.17, .18, and 6.19, respectively, while Figures 6.20, 6.21, and 6.22 present
the casc of o-cresol. The different long time slopes in the figures suggests the effeet of
pll variation on both physical adsorption and reactions.  Swurlace dillusivitics (D) were
found by the IISDM model for the three pti values under the ovic and anoxic condi-
tions and arc presented in Table 6.2 for both phenol and o-cresol. The TISDM model
was uscd to predict the data presented in the figures of this section: so, the experimen-
tal data for phenol and o-cresol under oxic and anoxic conditions at the different pll
values arc presented again along with the TISDM predictions in Figures 6.23-6.28.
Those figures depict the good prediction capability TISDM model has for physical
adsorption (anoxic curves), while this was not always the case for the oxic curves. The
rcason for that was discusscd in the previous section. However. the y” values were
lower than the table values for both the oxic and anoxic experiment which statistically

means that data is fairly predicted by the T1SDM modecl.

To be able to analyze the cffect of pll on the oxic and anoxic adsorption, 1, val-
ucs arc plotted versus pli for phenol and o-cresol in Figures 6.29 and 6.30, respectively.
From the figures it is clear that for the anoxic casc (physical adsorption) the highest
surface difTusivitics were attained at pI1 7 and the order of DD values was at pll 7
pit 3 > pll 11 which conflicts with thc findings of Koh and Chung (23) who obscrved

that the kinetics were increasing with the decrcase in pil. FFor the oxic condition, 1,
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Table 6.2. Apparent Diffusivitics of Phenol and o-Cresol Evaluated by the HSDM Moadel

at Various plis and temperature of 21°C,

Compound Opcrational Conditions TISDM (1)s)
cm?/see
a-cresol oxic, pll1 3 5.91:-08
anoxic, ptl 3 7.8E-08
o-cresol oxic, pll 7 1.41:-08
anoxic, pil 7 R.3LE-08
o-cresol oxic, pli 1t 1.11:-08
anoxic, pit 11 33108
phenol oxic, pIf 3 1.81:-08
anoxic, pii 3 4.21:-08
phenol oxic, pil 7 7.61:-09
anoxic, pli 7 6.31:-08
phenol oxic, pIl 11 3.5E-09
anoxic, pli 11 2.41:-08

Z?

0.31
0,025

(.89
0.036

0.38
0.0043

0.4
0058

2.07
0,054

0.21
0.014
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values were deereasing with the increase in pIT which agrees with the findings in the hit-
crature (23.61). The reason is duc to the fact that in the standard experiments oxic
conditions arc maintained. since, there is no DO removal step. D values in the oxic
conditions were always lower than the anoxic case which is attributed to the delay in
the cquilibration time resulting from the telomerization reaction on the carbon surlace.
However, the difference between P, values in the oxic and anoxic uptakes was highest
at pll 7 which mcans that the rate of the reaction is highest at pl1 7 compared to pH 3

and pll 11.

6.2.3 Effect of Temperature Variation

The anoxic and oxic closed batch kinetic experiments for phenol at temperature
values of R°C, 21°C., and 35°C arc shown in Figures 6.31, 6.32. and 6.33, respectively.
while Figures 6.34, 6.35, and 6.36 represent the o-cresol data. 'rom these figures, it ix
clcar that temperature variations affect the Kinctics of adsorption presented by the
anoxic case as well as the kinctics of adsorption-reaction combination presented by the
oxic casc. The data show that the cquilibration time for physical adsorption increases
with the decrease in temperature. Consistent with the lower values of d, expected. On
the other hand, for the oxic case. equilibrium was maintained for the three dilTerent
temperatures for both phenol or o-cresol in the time period of (7.5-11) dayvs (rom the

heginning of the kinetic experiments.

The data presented in Figures 6.37-6.42 arc shown in terms of lincarized uptikes.
Lincarized phenol uptake curves at temperature values of 8°C, 21°C, and 35°C are plot-
ted in Figures 6.37, 6.38, and 6.39, respectively, while Figures 6.40, 6.d1, and 6.42

present the data for o-cresol. The different long time slopes in the figures suggests the
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clect of temperature variation on both physical adsorption and reactions. Surface dif:
fusivitics (D) were found by the THISDM model for the three temperature values under
the oxic and anoxic conditions and are presented in Table 6.3 for both phenal and
o-cresol. The ¥? values were higher than the table values for both the oxic and anoxic
cxperiment which again statistically means that data is fairly predicted by the TISDA]
modcl. The TISDM model was used to predict the data presented in the figures of this
scection, so; the experimental data for phenol and o-cresol under oxie and anoxic condi-
tions at the different temperature values were presented again along with the TISDIN
predictions in Figures 6.43-6.48. Like the case in the previous section, the HSD\
model predicted the data for physical adsorption (anoxic curves) satisfactorily for mo«
of the cases, while this was not always the casc for the oxic curves. The reason was
cxplained in the previous sections. However, it can be added here that while the experi-
mental and theoretical equilibrium concentrations were similar which is due to the icot-
herm data provided in the madel, the TISIDM has to give lower theoretical concentra-
tion compared to the cxperimental ones before cquilibrium is reached. This happens
because the TISDM model deals with it as a pure adsorption process in which the rate
of uptake is lower than that in the adsorption-reaction combination cise {oxic experi-

mental data),

To be able to analyze the cffect of temperaturce on the oxic and anoxic adsorption,

D, values were plotted versus temperature for phenol and o-cresol in Figures 6.49 and
6.50, respectively, FFrom the figures it is clear that for the anoxic case (physical adsorp-
tion), D, for phenol and o-cresol increasing with temperature. IFor the oxic condition,
D, was highest at 21°C. This might be due to the fact that temperature had two oppo-

sitc cfTects on DO, While the increase in temperature reduces oxvgen solubility, it
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Table 6.3. Apparent DifTusivities of Phenol and o-Cresol Evaluated by the TISDNI

Modecl at Various Temperatures and pll of 7.

Compound Operational Conditions HISDM (Ds) e
cm?/sce
- —
o-cresol oxic, T= 8 (4 1.1E-08 0.97
anoxic, T= 8 C 4.81:-08 0.247
]
o-cresol oxic, T= 21 C, 1.41:-08 (.89
anoxic, T= 21 C 8.3E-08 0.036
©
o-cresol oxic, T= 35 C, 92.91:-09 0.82
anoxic, T= 35C 8.7E-08 0.0058
phenol oxic, T= 8 C, 6.75-09 21
anoxic, 1= 8C 4.91:-08 018
phenol oxic. T= 21°C, 7.61-00 21
anoxic, T= 21 C 6.31:-08 0.054
phenol oxic, T= 35°C, 2.91:-09 0.28
anoxic, T= 15C 8.81:-08 0.009

o DR
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increases its diffusivity.  Furthermore, under the oxic condition 1) values were alwavs
lower than the anoxic case which is attributed to the delav in the equilibration time
resulting from the telomerization reaction on the carbon surface. However, the differ.
ences between 1), values in the oxic and anoxic conditions were increase with he temp.

craturc implying that the rate of the reaction is increasing with temperature,

In order to determine the activation energy for phenol and o-cresal, the rate equa-

tion was uscd. The cquation is:

D.=D, o 2 6.3
= C“PR T (
[
which can lincarized as;
Log(D)=LogD, — ——2— 6.0
eD)=Loeha = 53 (

where, I is the diffusivity coefficient, D, is the intercept, R i< the universal gas con-
stant = 831 Jol/(molc.k), E, is the activation cnergy, and T is temperature in Kelvin.
Figure 6.51 presents the relation in Equation 6.4 for phenol and o-cresol, (rom which
the intercept k, was = -4.48 and -4.05 for phenol ana o-cresol, respectively, while, the
activation cnergics were calculated from the slopes and found 152387 ’mole and
15355.4 ¥/ mole for phenol and o-cresol, respectively The close vatues for 2 in the ense
of phenol and o-cresol reflects similar responses for the kinetics to temperature viria-

tion.
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6.3 Madel Formulation

The diflfusion model considering adsorption only was disenseed in section 1.3.2.2
and took the form:
i D dc
aq _ Y a 2 (6.5).

at rz dar ar

where;

q = carbon loading, M adsarbate/M adsorbent,

D, = surface diffusion cocMicient. L7/T,
r = distance from the center of the spherical particle, T, and
t = time, T.

The initial condition (Equation 6.6) assumcs the presence of no adsorbate in the parti-
cle, while the boundary conditions (Equations 6.7 and 6.8) state that the flux at the
center of the particle is always equal to zcro because of symmetry, and that the rate of

adsorption into the particle is equal to the uptake from the bulk fluid.

@t=0,0<r<r,: q=0 {6.0)
@t20r=0: M =0 (6.7
” ) or

@120,r =1, dnrd (=D, ‘-("Il dy = V,(C, - O (6.5)

where; V, is the volume of liquid, r, is the radius of the carbon particle, and €y and ¢

are the concentrations initially and at any time, respectively.
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In order to model the oxvgen induced increase in the uptake, which was fonnd to
be caused by tclomerization reactions on the carbon surface, o reaction term must he

added to Fquation (6.5). The equation governing the adsorption-reaction combination

18

aq o Dand

-k(q - q.) 0.9
a g\ ar da = (o

with the same initial and boundary conditions of Equation 6.3

wherc;
k, = rcaction constant, /T, and,

q.. = carbon loading at cquilibrium, M adsorbate/ M adsorbent.

The rcaction in the aforementioned equation was assumed to be first order and not

limited by oxygen concentration or diffusion.

Defining the dimensionless variables:

(.- "
Q= 1—q

To ™ qm
R=1L

To

Dt
T=_

R

2
Q _ aQ a _aQ T

at ot it a D
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aQ _ a2 a _ @ Db

a ato ot 2

Ta
Q D D8 QY g
v R R? AR R '
Q 20Q o
8Q _ 1 8 (pa0RY) _ g (L0,
R aR( aR (H N0
@ _ 2’7Q o1
R (-R( m) e (e

where, @2 is the Thicle modulus. Equation (6.10) is the dimensionless form of Fquation

(6.9).
Y 2
where, ¢ = v/ k /D,

, _ diffusion time constant
reaction time constant

at ¢ = 1, both diffusion and reaction have equal importance,
at ¢ < 0.1, rcaction mcchanism dominates, and
at @ > 10, diffusion mechanism dominates
The initial condition becomes:
@t=00cR<1: Q=0 (611

and the boundary conditions arc:



@t?O,R=0:-§—lQ{-=0 (6.12)
(¢

> = '_(E = -—1‘1’Q (\.[V‘)
@r20,R = I £ e (613

where, @ = 3 I:‘Q RYdR

The aforementioned boundary condition can be linked to the Freundlich isotherm rela-

tion and the batch system by:

1, U
Q= -1 ' (6.1
&= "3Gg*Q

where the total fractional uptake is

C,-C
U= 2=
Co
and,
V k n-l
a = sl\co
v,

where, V_ and V| arc volume of sorbent and liquid, respectively, and k and n are the
Freundlich modecl constants.
The above differential cquations cannot be solved analvtically, and a numerical

procedure c. g. finite difference or finite clement should be used. This is outside the

scope of the disscrtation, and hence, this cffort is rccommended for future rescarch.



Chapter 7

EFFECT OF DISSOLVED OXYGEN ON THE
BREAKTHROUGH OF PHENOLICS FROM

ACTIVATED CARBON

7.1 Infroduction

Granular activated carbon (GAC) is an cxcelient adsorbent for many of the
organic contaminants present in water supplics and wastewater discharges. GAC usc is
frequently considercd when concentrations of organic pollutants, particularly, those of
the relatively nonbiodegradable type, must be reduced to low levels as a result of the

increasingly stringent c(Tluent standards.

Carbon adsorption can be operated on cither a batch or continuous-flow basts. In
hatch processes the carhon and wastewater arc mixed together in a suitable reaction
vessel until the concentration of the solute has been reduced to the desired level. Most
continuous-flow systems arc opcrated as fixed-bed adsorption columns. Continuous-
flow opcrations have advantages over batch-type operations heeause rates of adsorp-
tion in batches depend upon the concentration of adsorbate in <olution, and because
they arc capable of treating large volumes of wastewaters. Iixed-hed adsorbers may he
opcrated in cither the upflow or downflow mode. In downflow svstems the carbon can

serve for adsorption and for filtration of suspended solids: hence. it is used when the
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wastewater contains suspended solids. Upflow columns mayv be operated cither as
packed or expanded beds. Packed-beds require a high-quality influent to prevent clog-
ging, whereas expanded beds arc capable of handling wastewater high in suspended sol-
ids. For the purpose of this study the upflow packed bed svstemy was chosen because

the adsorbate solutions did not contain any suspended solids.

The design of fixed bed adsorbers involves estimation of the shape of the break-
through curve (BTC) and the appearance of the breakpoint. A substantial [raction of
the time and expense associated with planning and designing adsorption facilities i«
involved in predicting or forccasting the operational dynamics of the process. The
approach involves the conduction of extensive experimental pilot studies to examine
the effect of cach system variable. Inspite of the long duration and high costs for such
pilot studics, sometimes they fail to predict adsorber behavior. This failure is attributa-
ble to difference in the operational characteristics between the experimental and full
scale adsorbers. The need for pilot scale column studics stemmed from the lack of a
rational design basis utilizing the fundamental adsorptive parameters of GAC (i.c equi-
librium and kinctics). Discrepancies between the isotherm capacitics involved in the
design and the actual column capacity were always noticed and attributed to irreversi-
bility of the adsorption process, to a decline in the intraparticle diffusivity during the
latter part of the breakthrough curve and to the continuously decreasing adsorbate
concentration in the liquid phase during an isothcrm experiment. Currently, several
mathematical models that utilize relatively inexpensive and much less lihorious experi-
mentation have been postulated to facilitate scale-up and reduce the cost of adsorber
design. Some of these models that have been widely successful in breakthrough pre-
diction of adsorber columns include the pore diffusion model (PDM) and the homoge-

ncous surface dilfusion model (HSTIM),



201

It was shown in the previous chapters that dissolved oxvgen DO affects equilih-
rium and kinctics of phenolics adsorption on GAC.  In real application, the svstem
condition with regard to DO content can vary appreciably. While, the application of
powdered activated carbon in activated sludge processes can provide oxice conditions,
anacrobic GAC contactors will result in complete anoxic conditions. In addition, hio-
logical activity in fixed bed adsorbers can Icad to cxhaustion of some of the DO con-
tent resulting in dilferent amounts of DO in the adsorber environment.  fn this chapter,
the cflect of DO on the BTC's of phenol and a-cresol from GAC will be investigated,

and the validity the homogencous surface diffusion model (TSD M) will be tested.

7.2 Results and Discussion
7.2.1 Determination of External Mass Transfer Coefficients

For phenol and o-cresol, the surface diffusion coclTicients have been determined
cxperimentally using closed batch kinctics. The external mass transfer cocfficients k,
must be cvaluated using corrclations. The following equation (64) was developed for
Reynolds numbers between 3 and 1000 ;

2k
AR SR e (7.1)
D,

where,ch K is the liquid-phase mass transfer coefficient. R is Revoolds number, and S

is Schmidt number. These dimensionless groups are defined in the following cquations:

§= -t (7.2)
m D,
2 .
R=-01Y (7.3)
1

where, p is viscosity of water = 0.00098 kg.s/m, p, is density of water = 997.8 kgm' L r
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is mean radius of adsorbent particle = 0.00078 m, v is the superficial veloeity

3.285E-3 m/sce, and D, is the difTusivity of the adsorbate in water calenlated using the

Wilke-Chang cquation (65) to be 8.792[:-10 m? fsee and 7.808E-10 1wy’ r<ee | for phenol
and o-cresol, respectively. The correlation that best matched the experimental column
data in a study performed by Crittenden and Weber (34) on phenol was that proposed

by Williamson et al. (66) given in

Sn.SR
&S yaor e (7.4)
\l

(Reynolds number range of applicability, 0.08-125)
Ilere,

R=M rv

(7.5)
£

where, « is the void ratio =0.39. The corrclation presented in Fquations 7.1 and 7.
arc denoted henceeforth, correlation 1 and correlation 2, respectively.  The external
mass transfer cocflicients for phenol and o-cresol calculated using these corrclations are

presented in Table 7.1.

7.2.2 Column Studies

Column experiments show that in addition to the elfect on the capacity and Kinet-
ics of GAC adsorbers, dissolved oxvgen tremendously afTects column performance. Tt
docs not only afTect the shape of the BTC but also causes a delay in it, resulting in a
completely different BTC. This finding is depicted in Figures 7.1-7.4 [or phenol and
o-cresol under oxic and anoxic conditions. The anoxic conditions arc related to about
0 and 30 mg/l DO, respectively. For mor clarity, the oxic and anoxic behavior are com-

bined together in Iigures 7.5 and 7.6, respectively. As shown in the figures, in the
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Table 7.1. External Mass Transfer Cocefficients for Phenol and o-Cresol [or Conditions Used

this Work

Compound k (2(‘0rr. 1)

k (Corr. 2)
cmisec

cm¥sec

o-cresol 1.721:-03 3.601:-3

phenol 1.R61:-03 3.88E-3
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anoxic experiments, the initial breakthrough started after & hours and 36 hours for phe-
nol and o-cresol, respectively while for the oxic experiments, the corresponding ligures
were 20 hours and 62 hours. The 50% breakthrough in the anoxic columns occurred
after 28 hours and 65 hours lor phenol and o-cresol, respectively while for the ovic
experiments, the corresponding figures were S0 hours and 100 howrs. Finally, cohimn
exhaustion characterized by 95 % breakthrough capacitics occurred in the anoxic col-
umn cxperiments after S0 hours and 93 hours {or phenol and n-cresol, respectively
while for the oxic experiments, the corresponding figures were 130 hours and 215 hours
for phenol and o-cresol respectively. These times were measured [rom the heginning of
the experiment and give a very good indication about the tremendous additional capac-
ity available in the column in the case of oxic conditions compared to the anovic con-
ditions if any particular cMuent (phenolic type) standard is to be achieved. The ratio
for those times (oxic/anoxic) for phenol and o-cresol were 2.6 and 2.31 for phenol and
o-cresol, respectively. The above figures show that the existence of DO i the adsor-
bate solution not only prolongs the time nceded to reach certain breakthrough point or
incrcase the capacity of the adsorber column but also affect the shape of the BTC
resulting in a flatter BTC, which again can be attributed to telomerization reactions
rather than pure adsorption in which the BTC is usually sharp and little flattening ix
cxpected. Flat BTCs of phenolics from GAC column have also heen found by other
researches (34,58). The above discussion is applicable to serial column operation in
which exhaustion is the criteria for their design. Tlowever, in order to investigate the
effect of DO on the shape of the carly part of the BTC's interest should he foctsed on
the time between the start of the BTC to the time necded to reach 50 % breakthrough
capacity. For the anoxic conditions this time was 20 hours and 29 hours for phenol
and o-cresol, respectively while for the oxic condition the corresponding figures were 30

hours and 38 hours., hence, the ratio for those times (oxic/anoxic) for phenol and
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o-cresol were 1S and 131 for phenol and o-cresal, respeetively. The above figures
show that the existence of DO in the adsorbate solution affects the shape of the carly
BTC resulting in a Matter BTC, and delays the initial breakthrough point which is very
important in single column aperation in which the adsorber column has to meet an
cfMuent criteria which is usually low; accordingly time to reach the initial breakthrough

is the design criteria.

In order to compare between the capacities obtained from BTC's and isotherm
capacitics, the arcas above cach BTC were calculated and are presented along with the
isotherm capacitics in Table 7.2. From Tablc 7.2, and by caleulating the ratios of oxic
to anoxic capacitics at cxhaustion and comparing them to the oxic to anoxic exhaus.
tion time ratios for phenol and o-cresol (Figures 7.1 and 7.2) it was lound that the rat-
ios of capacitics and the thosc of exhaustion times are not identical as higher time rat-
ios arc found. This is an indirect proof that the aforementioned time difierences are not
merely duc to the difference in adsorptive capacities but also to the differences in the
adsorption rates as well. This is consistent with the findings of batch kinctic experi-
ments reported in chapter 6 which emphasized that the “apparent” or observed rate of
adsorption decreases as a result of telomerization in the presence of DO. Tt is al<o
depicted from the aforementioned table that the anoxic column capacitics were higher
than the anoxic isotherm capacitics by 7.5 % and 4 % for phenol and o-cresol. respee-
tively. The rcason is thought to be duc to the DO residual in the anoxic cxperiments
(0.1-0.4) which might have resulted in some telomerization of the phenolies on the
GAC surface in the adsorption column. Oxic column capacities for phenol were d %o
lower than that of the isotherm while for o-cresol, they were 7 4 higher. In fact, no
valid cxplanation for this is available, but since those differences arc very low, thev

could be duc to human errors and material inconsistency. Table 7.3 is similar to the
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Tablc 7.2. Isotherm and Columin Capacitics at Exhanstion for Phenol and o-Cresol Under

Oxic and Anoxic Conditions.

Compound Opcerational Conditions Iso. Cap.
mg/g
o-cresol nxic 330.77
anoxic 198.6
phenol oxic 179.39
anoxic $7.88

Col. Cap.
mg g

i71.90
94,380
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Table 7.3. Isotherm and Column Capacitics at 50 %% RTC for Phenol and o-Cresal Under Oxie

and Anoxic Conditions.

Compound Operational Conditions Iso. Cap.
mg/g
o-cresol oxic 330,77
anoxic 196.60
phenol oxic 179.39
anoxic 87.88

Col. Cap.
mee

205.5
193,70

148.8
84.6
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previous table with the exception that the listed capacities are those obtained using o
square wave passing through the 50 %4 breakthrough point. From Table 7.3 it is noted
that the for the 50 “a capacity the isotherm and column capacities were very close in
the anoxic case and the ratios of column capacitics to isotherm capacities were (0.963
and 0.975 for phenol and o-cresol, respectively, while for the oxic condition the corre-
sponding figures were 0.89 and 0.83. This shows some deviation [rom the square wive
in the case of oxic conditions compared to the anoxic conditions. This is expected since
under oxic conditions. the column behavior is not only alffected by physical adsorption

but also by the telomerization reactions.

Another characteristic which has heen long related to the adsorption of phenolic
compounds on activated carbon is the tailing in the BTC (58). The capacity abave the
tails of phenol oxic and anoxic BTC’s were 24.23 mg/g and 7.5 mg/g, respectively while
the corresponding figures for o-cresol were 38.84 mg/g and 8.07 mg/g. ‘The start of the
tail was characterized by the initial fattening in the BTC generally occurring after
90-94 % breakthrough capacity. This shows that although tailing was found in both
oxic and anoxic conditions, the capacitics involved are much higher in the oxic experi-

ments compared to the anoxic experiments.

Modecling the BTC’s was performed using the plug-flow homogenous surface diffu-
sion model (PIFTISDM). Modcl predictions for the BTCs were obtained using two sets
of independently determined adsorption parameters. The input to the model included
adsorption cquilibria data described by the Freundlich adsorption isotherm cquartion
for both oxic and anoxic conditions. adsorption kinetic parameters such as surface dil-
fusion cocflicients determined from the oxic and anoxic batch cxperiments, and the
external mass transfer cocfTicient determined from correlations, and physical parame-

ters such as the mass of carbon, length of the column, internal diameter of the colunm,
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molecular weight of the solute, no of compounds in solution, density of carbon, flow-
rate of feed solution, initial concentration of sorbate solution, and density of olution,
as well as some model related variables such as time for caleulation of BTC, acenraey
nceded, and number of collocation points. The output of the model is the prediction of
the BTC with time. It is worth mentioning that while the case under study consisted of
single solute and constant influent concentration, the available model is capable of pre-
dicting multi-solute adsorption with various influent concentrations.  Maodel pre-
dictions, using these two sets of paramcters (oxic and anoxic), are shown together with
the corresponding experimental BTC’s in Figures 7.7-7.10 for phenol and o-cresol,
respectively. IFrom these figures it is clear that the PFHISDM maodel gives very good
prediction for the oxic and anoxic conditions especially before tailing, provided that the
appropriate parameters, especially, apparent difTusivity arc used. This good prediction
capability was valid for the cases of film transfer cocflicients caleutated from hoth cor-
rclations with correlation 2 giving better prediction of the initial BTCs in the all of the
cascs. As a result, it can be concluded that the use of corrclation 2 vields film transfer
cocfTicients that predicts the BTC very well, especially the carlier stage. This supports
the finding of Crittenden and Weber (34) who found that correlation 2 best matehed
their cxperimental data on adsorption of phenolics. The good predictabiliy the
PIFHSDM model has for oxic and anoxic conditions conflicts with the findings of Vidic
and Suidan (58) who found that only the anoxic parameters woukd predict the early
portion of BTC of the adsorption column opcrating under oxic conditions. The reason
for their findings and henee for this conflict is very obvious, since i their work, they
used Tow mass of carbon (50 g) and relatively high initial o-cresol concentration (200
mg/l) resulting in a rapid BTC which started and finished within 12 hours. This where
the intrinsic diffusion controls even with tclomerization rcactions present, hence, the

actual BT'C was mostly under anoxic conditions, which was best predicted by the
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anoxic parameters. However, the oxic condition effects started in the tailing stage
resulting in a high portion of the column capacity in the tailing stage. In the case ol
this stucy, columns were so designed as to delay BTC’s, allowing telomerization reac-

tions to proceed along with phvsical adsorption right from the beginning of the BTC.

The finding that totally different BTCs as well as different time characteristics are
observed under varying levels of DO is extremely important from a practical stand-
point. I paralicl ar short column operation is proposcd for design, then the carlv por-
tion of BTC governs design, while, for series operation or fong columns the entire RTC
controls the design and number of columns. As has been demonstrated abave, the level
of DO in the feed wastewater strongly influences both the carlier and later portions of
the BTC. Thus, utilizing knowledge of adsorption cquilibria and Kinctics of diffusion
and reaction under ambient DO conditions to design adsorbers so as to prolong adsor-
ber runs sufliciently to permit tclomerization, substantially delays times to break.

through and exhaustion.



Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

L.

This study demonstrates that the uptake of GAC for phenolic compounds s
strongly influcnced by the presence of oxidizing agents in the test environment.
The uptakes of GAC for phenol, o-cresal, and nitrophenol at T mg’l under oxic
conditions were 163%, 114%, and 18% higher than the anoxic oxygen uptake.
This oxvgen-induced enhancement in the uptake of GAC for phenolics were more
pronounced low cquilibrium concentrations. At higher loading the GAC reten-
tion capacitics for phenol, o-cresol, and nitrophenol exhibited 74%, 427, and a
modest of 11% increase over the respective anoxic capacitics at 1000 mg.l. "The
additional uptake attaincd under oxic conditions was strongly dependent on the
anoxic sorption uptake and was limited by the mass of oxygen as well the minss
of activated carbon in the test environment. Oxidizing agents such as hvdrogen
peroxide and potassium permanganate behaved similar to oxyveen with respect 1o
cnhancing the phenol uptake. On the other hand, this phenomena of increased
retention uptake duc to the presence of dissolved oxygen in the fest environment
was not applicable in the casc of alphatics. rcgardless of their chemical and sub-

stitutional propertics. Testing of actual industrial and domestic wastewater cor-

224
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roborated the influence of dissolved oxygen on the retention uptake of GAC Jor

organics, which was accentuated at low concentrations.

Phenol vield efficiencies around 70% were observed [or the anoxic isotherm and
23% for the oxic isotherm. Extraction suggest the formation of more strongly
adsorbable compounds on the activated carbon surface in the oxic case. Results
of the GC-MS analysis of the extracts of the GAC samples used in the axie and
anoxic phenol experiments revealed the presence of significant quantitics of two
dimers, identified as 2.2-dihvdroxy-1,1-biphenyl and d-phenoxyphenol and a
trimer on the GAC used in the oxic isotherm while only traces of the dimer were
detected in the anoxic cxtracts. For o-cresol, the above analysis was performed
on the cases of DO levels 1, 3, and 4 (i.c anoxic, “purged with air”, and “purged
with pure oxvgen”. It was found that the anoxic extracts containcd much higher
concentration of o-cresol and trace amounts of the dimers Interestingly. the
intensity of the peaks showing dimers and trimer was higher in DO fevel 4 sample
(DO around 30 mg/l) compared to DO level 3 (DO around 9 mg/l). Two reac-
tion mechanisms were proposed for the reaction between oxygen or oxidizing

agents with phenol on the carbon surface.

The solution pIt and temperature appear to strongly influence such chenical
reactions. The net effect of pll and temperature on activated carbon adsorption
ic 2 combination of their influecnce on both physical adsorption and chemical
reactions. While a pIt of 3 was obscrved to favor physical adsorption, pll ol 11
favored oxidation reactions, and the optimal pil for adsorption ol phenolics by
activated carbon under oxic conditions was pi1 7. The anoxic uptake of phenol

and o-cresol increased with decrcasing temperatures and was highest at the low-
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est temperature studicd of 8°C. Adsorption enhancement due to telomerization
was highest at a temperature of 35°C. Oxic isotherms capacities were found to e
relatively independent of temperature thus suggesting that the positive and
adverse impact of temperature on chemical reactions and physical adsorption,

respectively, tend to balance.

The tests performed at different levels of dissolved oxygen have shown uptakes to
be a direct function of the DO level. For o-cresol, the percentage enhancement
at | mg!l residual concentration was 43%, 71%, and 115% of the base anoxic
uptake at initial DO concentrations of 4, 9, and 32 mg!l, respectively. The corre-
sponding figures for phenol were 52%, 93%. and 163%% of the anoxic uptake at
initial DO concentrations of 4, 9, and 32 mg/l, respectively.  This enhancement in
the sorption uptake of the GAC was attributed to the formation of dimers and
trimers, (the magnitude of which increased with the increase in DO). on the car-
ban surface in the presence of oxygen. Two modcls were developed relating the
oxic uptake with the ratio of initial DO to GAC mass and the anoxic uptakes,

The prediction capability of those modcls for the literature data was high.

The batch kinetics studies have shown that the apparent diffusivity cocflicient for
phenol on GAC is highly influenced by the initial DO concentration. The higher
the initial DO content in the sorbate solution the lower the apparent diffusivity
cocflicient, which was explained in terms of the delay in equilibration time with

the increase in the DO content duc to telomerization.

Fquilibration time for physical adsorption increased proportionally with pli and
inverscly with temperature. For the adsorption-reaction combination the cquili-

bration time occurred in the time range of (7.5-11) days from the heginning of
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the cxperiment, for all pll and temperature variations. D, values for the ovie
cases inercased proportionally with temperature and inversely with pll, while the
highest difference between oxic and anoxic diffusivities were at plE 7 and temper-

aturc 35°C.

A mathematical model which incorporate the reactions duc to dissolved oxy-
gen with adsorption was formulated. In that model which is hasically @ surface
diffusion model, the reaction was assumed to be first order and not fimited by

dissolved oxvgen cxistence.

The column experiments have shown that in addition to the effect on the capac-
ity and kinctics of GAC adsorbers, dissolved oxygen tremendously affect column
performance. 1t does not only affect the shape of the breakthrough curve but
also causes a delay in the breakthrough curve, resulting in a completely different
BTC. The issuc of discrepancics between isotherm capacities and column capaci-
ties which have Jong bafMed rescarchers was resotved. Columm capacitics agree

well with the isotherm capacities run at identical environmental conditions.

The finding that totally dilferent BTCs as well as different time characteristies are
obscrved under varving levels of DO is extremely important [rom a practical
standpoint. 1€ parallel column operation is proposed for design. then the carly
portion of BTC governs design, while, for serics operation the entire BT con-
trols the design and number of columns. As has been demonstrated above, the
level of DO in the feed wastewater strongly influcnces both the carlier and later
portions of the BTC. Thus, adsorbers can be designed to take advantage of the

simultancous adsorption-rcaction phenomenon to substantially delay times to

breakthrough sand exhaustion.
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The HISDM was found to have gooad prediction capability thefore tailing) when
the appropriate equilibrium and rate parameters are used and when the telamen-

zation reaction starts with adsorption [rom the start of the B1C.

8.2 Recommendations for Further Research

[

In this study, cffects of different DO levels were studied at neutral pIt and room
temperature while the cffect of pll variations was investigated at room temperi-
ture and those of temperature was studies at ncutral pll. Tt might be worthy to
study the interactions between DO, pll, and temperature under different levels of

the three variables.

Although, it was concluded from the study that DO existence afleets the regener-

ation clliciency of the carbon, much more work can be donce to explore this arca.

The leachability and toxicity of the polvmers formed on the carbon surface can

he another point of rescarch

The effect of DO cxistence on other adsorbate-adsarbent svstem c.g. activated

alumina svstems

Study of other aromatics, especially, large compounds.
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APPENDIX A.1.1

RAW DATA FOR THE SCREENING STAGE (isotherms)
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Type of experiment: isotherm
Name of solute: 4-nitrophenol
Initial concentration: 1000 mg/1
Volume of solution: 100 ml.

pH: 7

Temperature: 2 1°c.

Date started: 4/1/1992

Date ended: 18/1/1992

Method of analysis: uv spectrophotometer (318 wavelength)

initial initial
DO = 31.1 mg/l DO = 0.0 mg/l
Carbon Mass Abs. Conc. Abs. Conc.
mg mg/1 mg/l
0.0 1.105 984.5 a 1.104 983.0 a
0.0 1.107 985.0 a 1.108 985.9 a
200.0 0.618 550.2 a 6.978 621.0 a
300.0 0.374 332.4 a 4.278 380.7 a ¢
400.0 0.227 201.6 b 2.776 217.1 b
450.0 0.168 149.2 b 1.997 177.7 b
500.0 1.116 102.0 b 1.573 140.0 b ¢
550.0 0.798 71.0 b 1.125 100.1 b
600.0 0.527 46.9 b 0.794 70.7 b
650.0 0.339 30.2 b 0.628 55.9b ¢
700.0 0.181 16.1 0.507 15.1 b
750.0 0.138 12.3 0.375 33.1 b
800.0 0.118 10.5 0.227 20.2
£50.0 0.073 6.5 0.152 13.5
1000.0 0.031 2.8 0.096 8.5
Remarks:

a: 100 dilutions
b: 10 dilutions
c: measurements of inorganic carbon before and after the experiment

showed zero difference for biological aclivily.



Type of experiment: isotherm
Name of solute: phenol

Initial concentration: 1000 mg/1
Volume of solution: 100 mi.

pH: 7

Temperature: 21°C.
Date started: 21/1/1992

Date ended: 5/2/1992

Method of analysis: uv spectropholometer (270 wavelength)

initial
DO = 33.2 mg/l

Carbon Mass Abs Conc
mg mg/l1
0.0 1.159 996.7 a
0.0 1.152 990.1 a
150.0 7.250 623.5 a
250.0 4.341 373.3 a
350.0 2.443 210.1 a
500.0 1.113 95.7
550.0 0.531 45.9
600.0 0.462 39.7
650.0 0.314 27.0
700.0 0.206 17.7
750.0 0.119 10.2
800.0 0.083 7.1
850.0 0.058 5.0
900.0 0.048 4.1
1100.0 0.037 3.2
Remarks:

a: 10 dilutions

initial
DO = 0.0 mg/l

Carbon Mass Abs Cone
mg mg/l
0.0 1.157 995.5 a
0.0 1.153 991.7 a
250.0 7.179 617.4 a
350.0 5.829 501.3 a
500.0 3.8149 331.0 a
600.0 3.113 270.3 a
800.0 2.086 179.4 a
1000.0 1.078 92.7
1200.0 0.656 56.4
1400.0 0.306 26.3
1600.0 0.183 15.7
1700.0 0.130 11.2
1800.0 0.095 8.2
2000.0 0.071 6.1
2200.0 0.057 1.9

b

b

b

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activily.

- Extraction was performed for two points from ecach isotherm.
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Type of experiment: isotherm
Name of solute: o-cresol
Initial concentration: 1000 mg/l
Volume of solution: 100 ml.

pH: 7

Temperature: 21°C.
Date started:21/1/1992
Date ended: 5/2/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 31.2 mg/} DO = 0.0 mg/
Carbon Mass Abs. Conc. Carbon Mass Abs. Conc.
mg mg/1 mg mg/]

0.0 1.068 a 987.3 0.0 1.073 992.5 a
0.0 1.075 a 994.5 0.0 1.072 991.6 a
50.0 0.854 a 789.900 100.0 0.719 692.9 a
100.0 0.625 a 578.300 150.0 0.565 5221 ab

150.0 0.356 a  329.200 250.0 0.347 320.6 a
200.0 0.216 a 199.500 350.0 0.177 163.7 a
225.0 0.163 a 151.100 150.0 0.760 70.3 a
250.0 0.126 a 116.300 550.0 0.339 31.1 b
275.0 0.826 76.400 600.0 (.218 22.9
300.0 0.520 48.100 650.0 0.111 10.3
325.0 0.272 25.200 700.0 0.090 8.3
350.0 0.105 9.700 750.0 0.072 6.7
400.0 0.071 6.600 800.0 0.064 5.9 b
450.0 0.014 4.100 850.0 0.014 1.1
500.0 0.029 2.700 1000.0 0.032 3.0
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.



Type of experiment: isotherm
Name of solute: chloroform
Initial concentration: 700 mg/}
Volume of solution: 160 ml
pt: 7

Temperature: 21°C.

Date started: 24/1/1992

Date ended: 8/2/1992

Method of analysis: TOC analyzer

initial initial
DO = 30.1 mg/l DO = 0.0 mg/l
Carbon Mass TOC Conc TOC Conc.
mg mg/l mg/1 mg/1 mg/1
0.0 61.2 695.2 61.9 703.2
0.0 61.7 700.9 61.5 698.6
250.0 42.2 479.0 41.5 a71.7
500.0 31.3 355.4 30.1 341.7 a
900.0 17.1 193.8 18.0 204.5
1200.0 14.1 160.7 14.9 169.0 a
1700.0 9.3 105.2 8.7 98.6
2500.0 5.7 65.0 6.0 6G8.2
4500.0 2.4 27.1 2.2 25.1 a
10000.0 0.7 7.1 0.8 8.6
Remarks:

ARD!

a: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activitly.



Type of experiment: isotherm
Name of solute: bromoform
Initial concentration: 1100 mg/1
Volume of solution: 160 ml.

pH: 7

Temperature: 21°C.
Date started: 24/1/1992
Date ended: 8/2/1992

Method of analysis: TOC analyzer

initial
Carbon Mass TOC Conc
mg mg/1 mg/1
0.0 56.3 1082 .7
0.0 57.4 1103.8
100.0 39.8 765.1
200.0 28.1 539.7
300.0 18.2 350.6
450.0 11.2 215.0
700.0 5.0 96.2
1000.0 2.8 53.9
1500.0 0.8 15.5
2500.0 0.5 8.7
Remarks:

initial

ANOONOWO ® -

mg/l

a

BRI

a: measurements of inorganic carbon before and aftor the experiment

showed zero difference for biological activity.



Type of experiment: isotherm

Name of solute: 1,1,1 trichloroethane
Initial concentration: 500 mg/1
Volume of sample: 160 ml.

pH: 7

Temperature: 21°C.
Date started: 9/2/1992
Date ended: 23/2/1992

Method of analysis: TOC analyzer

initial initial
DO = 29.1 mg/! DO = 0.0 mg/l
Carbon Mass TOC Conc TOC Conc
mg mg/1 mg/1 mg/1 mg/1
0.0 82.7 489 .5 83.4 193.7
0.0 83.1 491.2 82.3 187.2
400.0 73.7 436.1 71.1 440.3 a
1250.0 57.7 311.6 56.7 335.5
2300.0 40.8 241.3 12.9 253.9
3700.0 24.9 147 .6 23.9 111.6 a
4850.0 17.9 105.8 15.6 92.3
6350.0 12.7 75.4 i1.9 70.5
7350.0 6.5 38.5 6.0 35.3
14000.0 1.3 7.7 1.6 9.2 a
Remarks:
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a: measurements of inorganic carbon before and after the experiment

showed zero difference for biological aclivity.



Type of experiment: isotherm

Name of solute: 1,1,2,2 tetrachlorocthanc
Initial concentration: 400 mg/l

Volume of solution: 160 ml,

pH: 7

Temperature: 21°C.
Date started: 9/2/1992
Date ended: 23/2/1992

Method of analysis: TOC analyzer

initial initinl
DO = 33.6 mg/1 NO = 0.0 mg/l

Carbon Mass TOC Conc TOC Conce

mg mg/1 mg/1 mg/1 mg/}

0.0 55.3 400.9 55.56 102 .4

0.0 55.7 403.8 55.9 105 .3
150.0 47.9 347 .1 17.1 3115 a
500.0 33.1 240.3 32.5 235.5
900.0 19.0 137.8 19.7 112.5
1150.0 13.6 98.5 11.6 105.7
1450.0 8.6 62.4 8.3 60.3 a
1800.0 4.4 32.1 1.1 29.7
2050.0 2.2 15.6 2.4 17.2 a
2500.0 1.3 9.3 1.1 8.1

Remarks:

37

a: measurements of inorganic carbon before and alter the experiment

showed zero difference for biological activily.
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Type of experiment: isolherm
Name of solute: Domestic wastewater
Initial concentralion: 41.5 mg/i as TOC
Quantlity of sodium thiosulphate (0.025 N) added: 15 mg/l
pH: 7
Temperature: 21°C.
Date started: 15/4/1992

Date ended: 29/4/1992

Method of analysis: TOC analyzer

initial initial
DO = 6.2 mg/l DO = 0.0 mg/l
(normal DO level)

Carbon Mass TOC TOC TOC Conc.

mg reading mg/1 reading mg/1

0.0 37.5 41.7 37.1 11.2

0.0 37.0 11.1 36.5 40.5

20.0 32.5 36.1 28.3 31.5

10.0 28.1 31.2 24.5 27.2 a
100.0 22.9 25.1 19.6 21.8
200.0 18.6 20.7 15.4 17.1
100.0 17.7 19.7 12.2 13.6 a
800.0 13.7 15.2 8.6 9.6
1600.0 11.6 12.9 6.8 7.6
3200.0 8.7 9.7 4.9 5.5 a
64100.0 8.1 9.0 5.2 5.8

Remarks:

a: measurements of inorganic carbon before and after the experiment

showed zero difference for biological aclivitly.



Type of experiment: isotherm

Name of solute: Industrial wastewater (loc. 1)

Initial concentration: 41.5 mg/l as TOC

Quantity of sodium thiosulphate (0.025 N) added: 15 mg/l
Volume of solution: 160 ml

pH: 7

Temperature: 21°C.

Date started: 1/5/1992

Date ended: 15/5/1992

Mathod of analysis: TOC analyzer

initial initial
DO = 5.1 mg/1 DO = 0.0 mg/l
(normal DO level)

Carbon Mass TOC TOC TOC Conc.
mg reading mg/] reading mg /1
0.0 617.1 695.8 619.2 698.1
0.0 648.7 697.5 645.3 693.9 a

200.0 421.3 453.0 513.2 551.8
500.0 295.8 318.1 379.1 408.0

1500.0 83.3 89.6 134.5 191.6 a

2500.0 63.1 67.8 87.9 94.5

3000.0 47.1 50.6 63.2 68.0

4000.0 27.6 29.7 416 .4 19.9 a

6000.0 13.7 14.7 26.6 28.6

$2000.0 3.8 4.1 12.8 13.8
Remarks:
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a: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activitly.
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Type of experiment: isotherm
Name of solute: Industrial wastewaler (loc. 2)
Initial concentration: 11.5 mg/l as TOC
Quantily of sodium thiosulphate (0.025 N) added: 15 mg/|
Volume of solution: 160 ml

pH: 7

Temperalure: 21°C.
Date started: 1/5/1992
Date endecd: 15/5/1992

Method of analysis: TOC analyzer

initial initial
DO = 4.9 mg/1 DO = 0.0 mg/l
(normal DO level)

Carbon Mass TOC TOC TOC Conc.
mg reading mg/1 reading mg/l1
0.0 46.1 19.6 46 .4 19.9
0.0 16.7 50.2 16.0 19.5 a

100.0 33.8 36.3 37.0 39.8
250.0 24.5 26.3 32.3 34.7 a
100.0 19.6 21.1 30.3 32.6

1100.0 12.3 13.2 19.5 21.0

2000.0 4.7 5.1 11.1 15.2 a

Remarks:

a: measurements of inorganic carbon before and affer the experiment

showed zero difference for biological activity.
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Type of experiment: isotherm
Name of solute: Industrial wastewater (loc. 3)
Initial concentration: 15.75 mg/l as TOC
Quantity of sodium thiosulphate (0.025 N) added: 15 mg/]
Volume of solution: 160 ml
pH: 7
Temperature: 21°C.
Date started: 1/5/1992

Date ended: 15/5/1992

Method of analysis: TOC analyzer

initial initial
DO = 5.7 mg/1 DO = 0.0 mg/l
(normal DO level)

Carbon Mass TOC TOC TOC Conc.
mg reading mg/1 reading mg/1
0.0 14.6 15.7 14.5 15.6
0.0 14.7 15.8 15.0 16.1 a

100.0 9.8 10.5 11.3 12.1

200.0 7.9 8.5 9.4 10.1 a

400.0 5.1 5.5 8.3 8.9

800.0 2.0 2.1 5.6 6.0 a
Remarks:

a: measurements of inorganic carbon before and after the cxperiment

showed zero difference for biological aclivity.



APPENDIX A.1.2

RAW DATA FOR THE EFFECT OF VARIABLES (isotherms)



APPENDIX A.1.2.1

RAW DATA FOR THE EFFECT OF Pl



Type of experiment: isotherm
Name of solute: phenol

Initial concentration: 1000 mg/1
Volume of solution: 100 ml.

pll: 3

Temperature: 21°C.
Date startec:18/5/1992
Date ended: 2/6/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 30.7 mg/1 DO = 0.0 mg/]
Carbon Mass Abs Conc. Carbon Mass Abs. Conc
mg mg/l1 mg mg/1
0.0 1.128 996.3 a 0.0 1.125 993.1 a
0.0 1.112 991.1 a 0.0 1.127 995.5 a
150.0 0.763 675.6 a 250.0 0.690 6104 a b
250.0 0.574 505.7 a 350.0 0.509 1450.3 a
350.0 0.373 330.1 a 500.0 0.305 270.0 a
500.0 0.238 210.4 a 600.0 0.210 212.3 a
550.0 0.139 123.2 a 800.0 0.921 81.5 b
600.0 0.855 75.7 1000.0 0.344 30.4
700.0 0.692 61.2 11400.0 0.141 12.5
750.0 0.431 38.1 1600.0 0.096 8.5
900.0 0.200 17.7 2000.0 0.055 1.9
1100.0 0.120 10.6 2200.0 0.043 3.8 b
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activily.



Type of experiment: isotherm
Name of solute: phenol

Initial concentration: 1000 mg/1
Volume of solution: 100 ml.

pH: 7

Temperature: 21°C.
Date started: 21/1/1992
Date ended: 5/2/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 33.2 mg/l DO = 0.0 mg/l

Carbon Mass  Abs. Conc Carbon Mass Abs. Conce

mg mg/1 mg mg/l

0.0 1.159 996.7 a 0.0 1.157 995.5 a

0.0 1.152 990.1 a 0.0 1.153 991.7 =a
150.0 7.250 623.5 a 250.0 7.179 617.4 a Db
250.0 4,341 373.3 a 350.0 5.829 501.3 a
350.0 2.443 210.1 a 500.0 3.849 331.0 a
500.0 1.113 95.7 600.0 3.143 270.3 =a
550.0 0.534 45.9 800.0 2.086 179.4 a
600.0 0.462 39.7 1000.0 1.078 92.7
650.0 0.314 27.0 1200.0 0.656 56.4
700.0 0.206 17.7 1400.0 0.306 26.3 8
750.0 0.119 10.2 1600.0 0.183 15.7
800.0 0.083 7.1 1700.0 0.130 11.2
850.0 0.058 5.0 1800.0 0.095 8.2 b
900.0 0.048 4.1 2000.0 0.071 6.1
1100.0 0.037 3.2 2200.0 0.057 1.9
Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.

- Extraction was performed for two points from each isotherm.
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Type of experiment: isotherm
Name of solute: phenol
Initial concentration: 1000 mg/l
Volume of solution: 100 ml.

pH: 11

Temperature: 21°C.
Date started:12/5/1992
Date ended: 2/6/1992

Method of analysis: uv spectrophotometer (288 wavelengih)

initial initial
DO = 33.2 mg/1 DO = 0.0 mg/l

Carbon Mass Abs Conc. Carbon Mass Abs Conc

mg mg/1 mg mg/1

0.0 1.109 990.5 a 0.0 1.112 993.3 a

0.0 1.115 995.7 a 0.0 1.116 996.5 a
150.0 0.711 635.6 a 250.0 0.772 689.4a b
250.0 0.325 290.5 a 350.0 0.561 501.3 a
350.0 0.403 360.1 a 500.0 0.489 436.7 a
500.0 0.213 190.2 a 600.0 0.399 356.6 a b
550.0 0.187 167.1 a 800.0 0.237 211.3 a
600.0 1.102 98.4 1000.0 0.138 123.1 a
700.0 0.782 69.8 1400.0 0.916 81.8
750.0 0.614 54.8 1600.0 0.710 63.4
900.0 0.449 40.1 2000.0 0.522 16.6
1100.0 0.337 30.1 2200.0 0.398 35.5 b
Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment
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Type of experiment: isotherm
Name of solute: o-cresol
Initial concentration: 1000 mg/}
Volume of solution: 100 ml.
pH: 3
Temperature: 21°C.
Date started: 18/5/1992
Date ended: 2/6/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 30.9 mg/l DO = 0.0 mg/l
Carbon Mass Abs Conc Abs Conc
mg mg/1 mg/l1
0.0 1.058 998.1 a 1.055 994.7 a
0.0 1.053 992.6 a 1.057 996.6 a
50.0 0.876 825.8 a 0.808 830.1a b
100.0 0.702 662.4 a 0.715 673.9 a
150.0 0.533 502.4 a 0.555 523.6 a
250.0 0.260 245.6 a 0.330 311.5 a
350.0 1.034 97.5 0.166 156.7 a b
400.0 0.564 53.2 1.050 99.0
450.0 0.303 28.6 0.707 66.7
500.0 0.163 15.4 0.343 32.3
550.0 0.075 7.1 0.182 17.2 b
600.0 0.048 4.5 0.107 10.1
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experimont

showed zero difference for biological activity.



Type of experiment: isotherm
Name of solute: o-cresol
Initial concentration: 1000 mg/1

Volume of solution: 100 ml.

218

pH: 7

Temperature:

21°cC.

Date started:21/1/1992

Date ended:

5/2/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 31.2 mg/1 DO = 0.0 mg/}

Carbon Mass Abs Conc Carbon Mass Abs. Cone.

mg mg/1 mg mg/l

0.0 1.068 a 987.3 0.0 1.073 992.5 a

0.0 1.075 a 994.5 0.0 1.072 991.6 a

50.0 0.854 a 789.900 100.0 0.719 692.9 a
100.0 0.625 a 578.300 150.0 0.565 522.4a b
150.0 0.356 a 329.200 250.0 0.317 320.6 a
200.0 0.216 a 199.500 350.0 0.177 163.7 a
225.0 0.163 a 151.100 450.0 0.760 70.3 a
250.0 0.126 a 116.300 550.0 0.339 31.4 b
275.0 0.826 76.400 600.0 0.248 22.9
300.0 0.520 48 .100 650.0 0.111 10.3
325.0 0.272 25.200 700.0 0.090 8.3
350.0 0.105 9.700 750.0 0.072 G.7
400.0 0.071 6.600 800.0 0.064 5.9 b
450.0 0.044 4.100 850.0 0.011 4.1
500.0 0.029 2.700 1000.0 0.032 3.0
Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.
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Type of experiment: isotherm
Name of solute: o-cresol
Initial concentration: 1000 mg/l
Volume of solution: 100 ml.

pH: 11

Temperature: 21°C.
Date started:18/5/1992
Date ended: 2/6/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 33.2 mg/l DO = 0.0 mg/l
Caibon Mass Abs Conc. Carbon Mass Abs Conce
mg mg/1 mg mg/l

0.0 1.076 996.8 a 0.0 1.079 999.5 a

0.0 1.083 1002.6 a 0.0 1.075 995.9 a

50.0 0.913 873.4 a 100.0 0.902 835.2 a
150.0 0.700 648.7 a 250.0 0.677 626.7 a b
250.0 0.481 445.6 a 350.0 0.531 191.3 a
350.0 0.326 301.5 a 150.0 0.406 375.7 a
450.0 0.185 171.6 a 650.0 0.213 196.9a b
550.0 1.111 102.9 750.0 0.143 132.6 a
650.0 0.595 55.1 950.0 0.702 65.0
750.0 0.355 32.9 1600.0 0.231 21.4
950.0 0.110 10.2 1800.0 0.120 11.1
1100.0 0.055 5.100 2200.0 0.066 G.1 b
Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activitly.
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APPENDIX A.1.2.2

RAW DATA FOR THE EFFECT OF TEMPERATURE
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Type of experiment: isotherm .
Name of solute: phenol
Initial concentration: 1000 mg/1
Volume of sohlution: 100 ml.

pH: 7

Temperature: 8°C.
Date started: 1/9/1992
Date ended: 15/9/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 29.7 wmg/1 DO = 0.0 mg/l

Carbon Mass Abs Conc. Carbon Mass Abs Conce

mg mg/1 mg mg/1

0.0 1.097 1004.2 a 0.0 1.091 1001.4 a

0.0 1.090 997.1 a 0.0 1.085 993.7 a
150.0 0.668 611.3 a 250.0 0.654 598.3 a b
250.0 0.427 389.4 a 350.0 0.517 173.1 a
350.0 0.239 218.5 a 500.0 0.335 306.1 a
500.0 0.790 72.3 600.0 0.233 213.1 a
550.0 0.472 43.2 800.0 1.075 98 .1
600.0 0.280 25.6 1000.0 0.119 38.3 b
700.0 0.123 11.3 1400.0 0.116 10.6
750.0 0.078 7.1 1600.0 0.051 4.7
900.0 0.030 2.7 2000.0 0.027 2.5 b
1100.0 0.023 2.1 2200.0 0.024 2.2
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activily.



Type of experiment: isotherm
Name of solute: phenol

Initial concentration: 1000 mg/]
Volume of solution: 100 ml.

pH: 7

Temperature: 21°C.
Date started: 21/1/1992

Date ended: 5/2/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial
DO = 33.2 mg/1

Carbon Mass Abs Conc
mg mg/1
0.0 1.159 996.7 a
0.0 1.152 990.1 a
150.0 7.250 623.5 a
250.0 4.341 373.3 a
350.0 2.443 210.1 a
500.0 1.113 95.7
550.0 0.534 45.9
600.0 0.462 39.7
650.0 0.314 27.0
700.0 0.206 17.7
750.0 0.119 10.2
800.0 0.083 7.1
850.0 0.058 5.0
900.0 0.018 4.1
1100.0 0.037 3.2
Remarks:

a: 10 dilutions

initinl

cooco0o00000000O0

DO = 0.0 mg/l
Abs

mg /1
1.157 995.5 a
1.153 991.7 a
7.179 617.4 a
5.829 501.3 a
3.849 331.0 a
3.143 270.3 a
2.086 179.4 a
1.078 92.7
0.656 56.1
0.306 26.3
0.183 15.7
0.130 11.2
0.095 8.2
0.071 6.1
0.057 4.9

b

b

b

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological aclivily.
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Type of experiment: isotherm
Name of solute: phenol
Initial concentration: 1000 mg/1
Volume of solution: 100 ml.

pH: 7

Temperature: 35°C.
Date started:15/6/1992

Date ended: 29/6/1992

Method of analysis: uv spectrophotomeler (270 wavelength)

initial initial
DO = 30.7 mg/1 nNO = 0.0 mg/l

Carbon Mass Abs. Conc. Carbon Mass Abs Cone

mg mg/1 mg mg/1

0.0 1.106 996.9 a 0.0 1.105 995.7 a

0.0 1.112 1002.5 a 0.0 1.127 1000.5 a
150.0 0.761 685.3 a 250.0 0.770 693.5a b
250.0 0.559 503.7 a 350.0 0.636 572.6 a
350.0 0.405 364.7 a 500.0 0.195 A416.3 a
500.0 0.208 187.1 a 600.0 0.101 361.3 a
550.0 0.166 149.6 a 800.0 0.270 243.1 a2 b
600.0 1.303 117.4 1000.0 0.175 157.2 a
700.0 0.759 68.4 1400.0 1.032 93.0
750.0 0.569 51.3 1600.0 0.107 3G.2
900.0 0.284 25.6 2000.0 0.202 18.2 b
1100.0 0.109 9.8 2200.0 0.102 9.2

Remarks:
a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activitly.



Type of experiment: isotherm
Name of solule: o-cresol

Initial concentration: 1000 mg/]
Volume of solution: 100 ml.
pH: 7

Temperature: 8°C.

Date started: 1/9/1992

Date ended: 15/9/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 30.7 mg/l DO = 0.0 mg/l
Carbon Mass  Abs. Conc. Carbon Mass Abs. Conce
mg mg/l1 mg mg/!

0.0 1.029 998.3 a 0.0 1.032 1002.2 a

0.0 1.026 995.2 a 0.0 1.027 996.5 a

50.0 7.872 763.6 a 100.0 0.706 68.3 a b
100.0 5.774 560.1 a 150.0 0.553 536.3 a
150.0 3.829 371.4 a 200.0 0.421 A411.2 a
200.0 2.195 212.9 a 300.0 1.231 119.4 a
250.0 1.070 103 .4 400.0 0.877 85.1 b
275.0 0.696 67.5 500.0 0.375 3G.1
300.0 0.440 42.7 600.0 0.126 12.2
350.0 0.169 16.4 700.0 0.057 5.5
400.0 0.057 5.5 800.0 0.027 2.6
450.0 0.026 2.5 900.0 0.021 2.0 b
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.



Type of experiment: isotherm
Name of solute: o-cresol
Initial concentration: 1000 mg/1
Volume of solution: 100 ml.
pH: 7

Temperature: 21°C.

Date started:21/1/1992

Date ended: 5/2/1992

Method of analysis: uv spectrophotometer (270 wavelength)

initial initial
DO = 31.2 mg/] DO = 0.0 mg/l
Carbon Mass Abs Conc. Carbon Mass  Abs Conc
mg mg/1 mg mg/l
0.0 1.068 a 987.3 0.0 1.073 992.5 a
0.0 1.075 a 994.5 0.0 1.072 991.6 a
50.0 0.854 a 789.9 100.0 0.749 692.9 a
100.0 0.625 a 578.3 150.0 0.565 522.4a b
150.0 0.356 a 329.2 250.0 0.347 320.6 a
200.0 0.216 a 199.5 350.0 0.177 163.7 a
225.0 0.163 a 151.1 450.0 0.760 70.3 a
250.0 0.126 a 116.3 550.0 0.339 31.4 b
275.0 0.826 76.4 600.0 0.218 22.9
300.0 0.520 18.1 650.0 0.111 10.3
325.0 0.272 25.2 700.0 0.090 8.3
350.0 0.105 9.7 750.0 0.072 6.7
400.0 0.071 6.6 800.0 0.064 5.9 b
450.0 0.044 4.1 850.0 0.041 4.1
500.0 0.029 2.7 1000.0 0.032 3.0

Remarks:
a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.
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Type of experiment: isotherm
Name of solule: o-cresol
Initial concentration: 1000 mg/l
Volume of solution: 100 ml.

pH: 7

Temperature: 35°C.
Date started:17/5/1992
Date ended: 1/6/1992

Method of analysis: uv spectrophotometer (270 wavelenglh)

initial initial
DO = 30.2 mg/1 DO = 0.0 mg/l
Carbon Mass Abs Conc. Carbon Mass Abs. Cone
mg mg/l mg mg/l

0.0 1.032 995.7 a 0.0 1.033 995.9 a

0.0 1.036 999.1 a 0.0 1.0410 1002.1 a b

50.0 8.015 772.6 a 100.0 7.472 720.3 a
100.0 5.872 566.1 a 150.0 6.194 597.1 a
150.0 3.905 376.4 a 200.0 5.013 183.3 a
200.0 2.511 242.1 a 300.0 3.017 293.7a b
250.0 1.254 120.9 a 400.0 1.616 155.8 a
300.0 0.564 54.4 500.0 0.822 79.2
350.0 0.245 23.6 600.0 0.433 41.7
400.0 0.106 10.2 700.0 0.238 22.9 b
150.0 0.051 4.9 800.0 0.120 11.6
Remarks:

a: 10 dilutions
b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activity.



APPENDIX A.1.2.3

RAW DATA FOR THE DIFFERENT LEVELS OF OXYGEN
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Type of experiment: isotherm
Name of solute: phenol
Initial concentration: 1000 mg/1
Volume of solution: 100 ml.

pH: 7

Temperature: 2 1°c.
Date started:15/8/1992
Date ended: 29/9/1992

Methad of analysis: uv spectrophotometer (270 wavelength)

no initial oxygen initial oxygen exists

carbon Abs. Cone. Carbon Abs. Conc. Abs. Conc. Abs  Conc.
mg. mg/l  mg. mg/1 mg/1
0 1.116 997.4a 0 1.137 994.4a 1.138 995.7a 1.154 992.
0 1.115 991.2a 0 1.135 992.8a 1.137 995.1a 1.157 994.
250 .718 617.7a 150 .683 597.1a .740 647.2a .725 623.
350 .683 501.3a 250 .455 398.5a .379 331.5a .434 373.
500 .385 331.0a 350 .256 224.3a .271 237.5a .24 210.

600 3114 270.3a 500 .928 81.2 1.001 87.6
800 .209 179.4a 550 .682 59.7 783 68.5 534 45
1000 1.07 92.7 600 .350 30.6 519 45.4 162 39
1200 0.65 56.4 650 393 34.4 270 23.6 314 27
1400 0.30 26.3 700 174 15.2 248 21.7 206 17.
1600 0.18 15.7 b 750 .141 12.3 b 093 8.1 b .119 10.3 b
1700 0.13 11.2 800 .078 6.8 069 6.0 083 7.1
1800 0.09 8.2 850 .059 5.2 .067 5.9 058 5.0
2000 0.07 6.1 b 900 056 4.9 b .050 4.4 b .018 4.1 b
2200 0.05 1.9 1100 046 4.0 045 3.9 037 3.2
Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment

showed zero difference fo biological aclivily.



Type of experiment: isotherm
Name of solute: o-cresol

Initinl concentration: 1000 mg/1
Volume of solution: 100 mi.

pH: 7

Temperature: 21°C.
Date started 30/9/1992
Date ended: 13/9/1992

Method of analysis: uv spectrophotometer (270 wavelength)

no initial oxygen initial oxygen exists

carbon Abs. Conc. Carbon Abs. Conc. Abs. Conc. Abs. Conc.
mg. mg/l mg. mg/1 mg/1
0 1.157 994.6a 0 1.133 991.6a 1.133a 991.6
0 1.155 993.4a 0 1.134 992.7a 1.135a 992.8
100 .806 692.9a 50 .871 1762.5a .913a 799.3
150 .607 522.4a 100 .678 593.1a .634a 554.6
250 .373 320.6a 150 .405 354.5a .356Ga 311.2
350 .190 163.7a 200 .200 174.9a .249a 217.6
450 .817 170.3 225 .186 162.4a .152a 133.4 ] .
.148a 129.6 .135 116.3a
9
0
7
2
8
8
0

550 365 31.4 250 1.158 101.3

600 .266 22.9 275 .921 80.6 .751 65.¢ a8 76.4
650 120 10.3 b 300 511 44.7 b 606 53.0 b .55 8.1 b
700 .097 8.3 325 .195 17.1 .317 27. 29 25.2
750 .078 6.7 350 .125 10.9 .091 8. 11 9.7
800 069 5.9 b 400 .087 7.6 b .066 5.8 b .07 6.6 b
850 048 4.1 450 .051 4.5 .0%5 1. .04 1.1
1000 035 3.0 500 .035 3.1 .031 3 03 2.7

Remarks:

a: 10 dilutions

b: measurements of inorganic carbon before and after the experiment

showed zero difference for biological activily.
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APPENDIX A.1.3

RAW DATA FOR THE EFFECT OF VARIABLES (Batch Kinetics)
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APPENDIX A.1.3.1

RAW DATA FOR THE EFFECT OF PH



Reactor no. 1

Date started: 15/8/1992

Phenol at pH 3

initial concentration :

1000 mg/1

Mass of carbon: 28.6 gm

Initial oxygen purged

Tewmperature:

Time
(lfour)
0.
0.
0.

.000
.500
.000
.000
.000
.000
.500
.000
.000
.000
.000
.000
.000
120.
.000
.000
.000
336.

D -] UGN b =

12
24
36
48
72
96

141
180
264

Date ended: 29/8/1992

Remarks:

000
160
500

000

000

21°C.

.251
.208
.189
171
.154
.139
.130
.122
.109
.940
.910

(32.7 mg/l!)
conc, (c) c/c0
(mg/1)
996 .400 1.000
780.181 0.783
579.905 0.582
461.333 0.463
381.621 0.383
340.769 0.342
319.844 0.321
270.024 0.271
253.086 0.254
210.132 0.241
219.208 0.220
181.345 0.182
164.406 0.165
149.460 0.150
134.514 0.135
121.561 0.122
113.590 0.114
106.615 0.107
94.658 0.095
81.705 0.082
81.705 0.082

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activily)

b

b

b
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Reactor no. 4

Date started: 15/8/1992

Phenol at pH 3

Initial concentration

Mass of carbon: 28.6 gm

Initial nitrogen purged

Temperature:

O=NNWN==OO0O

12
21
36
48
72
96.
120.

.083
.083
.083
.083
.583
.083
.083
.083
.083
.083

083
083

21°C.

Date ended: 19/8/1992

Remarks:

(DO = 0.0)

: 1000 mg/1

(mg/1)

OOOOOOOOOOO0.0_C).O'OT-

a: Ten times dilution was made for all the samples

b:

Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

b
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Reactor no. 2

Date started: 15/8/1992

phenol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 28.6gm

Initial oxygen purged (32.3 mg/l)

Temperature: 21°C,

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.120 1001.000 1.000 a b
0.160 0.885 790.790 0.790 a
0.500 0.673 601.601 0.601 a
1.000 0.539 481 .481 0.481 a
1.500 0.448 400.400 0.100 a
2.000 0.404 361.361 0.361 a
3.000 0.374 334.334 0.334 a
5.000 0.356 318.318 0.318 a
7.000 0.343 306.306 0.306 a
9.500 0.315 281.281 0.281 a
12.000 0.291 260.260 0.260 a
24.000 0.255 228.228 0.228 a b
36.000 0.208 186.186 0.186 a
48.000 0.175 156.156 0.156 a
72.000 0.121 108.108 0.108 a
96.000 0.871 78.078 0.078
120.000 0.670 60.060 0.060
144.000 0.542 48.048 0.048
180.000 0.411 37.037 0.037 b
264.000 0.330 29.129 0.029
336.000 0.330 29.129 0.029 b

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 4

Date started: 20/8/1992

Phenol at pH 7

Initial concentration : 1000 mg/1
Maés of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.122 1002.700 1.000
0.160 0.880 787.119 0.785
0.500 0.679 606.633 0.605
1.083 0.528 472.271 0.471
1.583 0.437 391.053 0.390
2.083 0.409 365.985 0.365
3.083 0.381 340.918 0.340
5.083 0.352 314.848 0.314
7.083 0.341 304.821 0.304
9.583 0.336 300.810 0.300
12.083 0.331 295.796 0.295
24.083 0.316 282.761 0.282
36.083 0.312 278.750 0.278
48.083 0.297 265.715 0.265
72.083 0.293 261.705 0.261
96.083 0.293 261.705 0.261
120.083 0.293 261.705 0.261

Date ended: 24/8/1992
Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

a
a
a
a
a
a
a

a
a

a

a

a
a
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Reactor no. 3

Date started: 15/8/1992

phenol at pll 11

Initial concentration : 1000 mg/1

Mass of carbon: 28.6gm

Initial oxygen purged (30.8 mg/1)

Temperature:

Time
(Hour)
.000
.160
.500
.000
.500
.000
.000
.000
.000
.500
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

0

ONNWN = OO

12

36
48
72
96
120
144
180
264
336

21°C.
Abs conc. (c) c/c0
(mg/1)
1.099 995.000 1.000
0.958 866.645 0.871
0.863 781.075 0.785
0.759 686.550 0.690
0.700 633.815 0.637
0.661 597.995 0.601
0.598 541.280 0.544
0.500 452.725 0.455
0.387 350.210 0.352
0.363 328.350 0.330
0.321 290.540 0.292
0.288 260.690 0.262
0.270 244,770 0.246
0.245 221.885 0.223
0.221 199.995 0.201
0.184 166.165 0.167
0.159 144,275 0.145
0.152 137.310 0.138
0.132 119.100 0.120
0.118 106 .465 0.107
0.118 106 .465 0.107

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made for all the samples

b: lnorganic carbon measurements were performed and no increase

was noticed (no biological activity)

266



Reacior no. 4

Date started: 25/8/1992

Phenol at pH 11

Initial concentration

Mass of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature:

Time
(Ilour)

0

O NG WN == OO

12
24
36
48
72
96
120

.000
.160
.500
.083
.583
.083
.083
.083
.083
.583
.083
.083
.083
.083
.083
.083
.083

21°C.

.354

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made for all the samples
b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

: 1000 mg/1

(mg/1)

OOOOOOOOOOO'O_C).0.0_O!—‘

.323

b

b

b
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Reactor no. 5
Date started: 15/8/1992
o-cresol at pll 3
Initial concentration : 1000 mg/]
Mass of carbon: 12 gm

Initial oxygen purged (30.7 mg/l)

Temperature: 2 1°c.

Time Abs conc. {(c) ¢/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.802 772.000 0.772
0.500 0.625 602.000 0.602
1.000 0.512 493.000 0.493
1.500 0.433 417.000 0.417
2.000 0.389 375.000 0.375
3.000 0.353 310.000 0.3410
5.000 0.319 307.000 0.307
7.000 0.408 393.000 0.393
9.500 0.398 383.000 0.383
12.000 0.386 372.000 0.372
24.000 0.268 258.000 0.258
36.000 0.260 250.000 0.250
48.000 0.255 246 .000 0.216
72.000 0.250 241.000 0.211
96.000 0.241 235.000 0.235
120.000 0.239 230.000 0.230
144 .000 0.235 226.000 0.226
180.000 0.232 223.000 0.223
264.000 0.227 219.000 0.219
336.000 0.227 219.000 0.219

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 3

Date started: 30/8/1992

o-cresol at pH 3

Initial concentration :
Mass of carbon: 12 gm

Initial nitrogen purged

Temperature:

96

=1 D WD
NODM AN WNNH=OOO

.589
.089
.089
.089
.089
.589
.089
.089
.089
.089
.089
.089
120.

089

(oY eRoRoReNoleNeNoNoieRo No NN

21°C.

Date ended: 3/9/1992

Remarks:

a: Ten times dilution was made for all the samples
b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

1000 mg/1

(DO = 0.0)

conc. (c)

(mg/1)

[eReEoR=R=RoN=NoReNoNole oo o oo

2649



Reactor no. 1

Date started: 30/8/1992

o-cresol at pll 7

Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial oxygen purged: (31.5 mg/1)

Temperature: 2 1°c.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.837 806 .000 0.806
0.500 0.652 628.000 0.628
1.000 0.507 488.000 0.4188
1.500 0.439 423.000 0.423
2.000 0.400 385.000 0.385
3.000 0.389 375.000 3.375
5.000 0.381 367.000 0.367
7.000 0.362 349.000 0.319
9.500 0.343 330.000 0.330
12.000 0.324 312.000 0.312
24.000 0.266 256.000 0.256
36.000 0.246 237.000 0.237
48.000 0.205 197.000 0.197
72.000 0.166 160.000 0.160
96.000 0.121 117.000 0.117
120.000 0.110 106 .000 0.106
144.000 0.099 95.000 0.095
180.000 0.087 84.000 0.084
264.000 0.084 81.000 0.070
336.000 0.084 81.000 0.070

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increasc

was noticed (no biological activity)
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Reactor no. 3

Date started: 14/9/1992
o-cresol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. {c) c/c0
(Hour) (mg/1)
0.000 1.042 1000.000 1.000
0.160 0.824 791.000 0.791
0.500 0.641 615.000 0.615
1.089 0.522 501.000 0.501
1.589 0.444 426 .000 0.426
2.089 0.409 393.000 0.393
3.089 0.393 377.000 0.377
5.089 0.386 371.000 0.371
7.089 0.371 356.000 0.356
9.589 0.362 348.000 0.318
12.089 0.356 342.000 0.342
24.089 0.330 317.000 0.317
36.089 0.323 310.000 0.310
48.089 0.317 304.000 0.304
72.089 0.314 301.000 0.301
96.089 0.314 301.000 0.301
0 0.

120.089 .314 301.000

Date ended: 18/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 2

Date started: 30/8/1992
o-cresol at pH 11

Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial oxygen purged : (DO = 31.1 mg/1)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.940 905.000 0.905
0.500 0.885 852.000 0.852
1.000 0.825 794.000 0.791
1.500 0.805 775.000 0.775
2.000 0.778 749.000 0.749
3.000 0.722 695.000 0.695
5.000 0.674 649.000 0.649
7.000 0.620 597.000 0.597
9.500 0.596 574.000 0.574
12.000 0.561 540.000 0.540
24.000 0.547 527.000 0.527
36.000 0.513 494 .000 0.491
48.000 0.501 482 .000 0.482
72.000 0.482 464.000 0.464
96.000 0.464 447 .000 0.447
120.000 0.459 412 .000 0.442
144.000 0.454 437.000 0.437
180.000 0.449 432.000 0.432
264.000 0.440 424,000 0.421
336.000 0.440 424.000 0.424

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reaclor no. 3

Date started: 19/9,/1992

o-cresol at pH 11

Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial nitrogen purged (0.0 mg/l)

Temperature: 21°C.

Time Abs conc. (c¢) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.934 899.000 0.899
0.500 0.896 863.000 0.863
1.083 0.820 790.000 0.790
1.589 0.800 770.000 0.770
2.089 0.776 747.000 0.747
3.089 0.730 703.000 0.703
5.089 0.670 645.000 0.645
7.089 0.632 609.000 0.609
9.589 0.623 600.000 0.600
12.089 0.617 594.000 0.594
24.089 0.610 587.000 0.587
36.089 0.607 585.000 0.585
48.089 0.292 281.000 0.281
72.089 0.602 580.000 0.580
96.089 0.601 579.000 0.579
120.089 0.601 579.000 0.579

Date ended: 23/9/1892

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and ne increase

was noticed (no biological activity)



APPENDIX A.1.3.2

RAW DATA FOR THE EFFECT OF TEMPERATURFE



Reactor no. 4

Date started: 30/8/1992

phenol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 28.6 gm

Initial oxygen purged (31.4 mg/1)

Temperature: 8°c.

Time Abs. conc. (c) c/c0
(Hour) (mg/1)

0.000 1.084 994.000 1.000
0.160 0.810 742.518 0.747
0.500 0.636 583.478 0.587
1.000 0.506 464.198 0.467
1.500 0.408 373.744 0.376
2.000 0.380 3418.894 0.351
3.000 0.349 320.068 0.322
5.000 0.315 289.254 0.291
7.000 0.302 277.326 0.279
9.500 0.289 265.398 0.267
12.000 0.264 242.536 0.244
24.000 0.214 195.818 0.197
36.000 0.194 177.926 0.179
48.000 0.164 150.094 0.151
72.000 0.119 109.340 0.110
96.000 0.091 83.496 0.084
120.000 0.064 58.646 0.059
144 .000 0.046 41.748 0.042
180.000 0.031 28.826 0.029
264,000 0.023 20.874 0.021
336.000 0.023 20.874 0.021

Date ended: 15/9/1992

Remarks:

a: Ten times dilulion was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no bioclogical activity)
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Reactor no. 3

Date started: 4/9/1992

Phenol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 8°C.

Time Abs. conc. (c) c/c0
(Hour) (mg/1)
0.000 1.122 1002.700 1.000 a b
0.160 0.817 748.747 0.751
0.500 0.647 593.215 0.595
1.083 0.506 463.605 0.465
1.583 0.406 371.881 0.373
2.083 0.386 353.935 0.355
3.083 0.357 327.016 0.328
5.083 0.322 295.112 0.296
7.083 0.314 288.133 0.289
3.583 0.306 280.157 0.281
12.083 0.295 270.187 0.271
24.083 0.271 248.253 0.249
36.083 0.258 236.289 0.237
48.083 0.246 225.322 0.226
72.083 0.232 212,361 0.213
96.083 0.208 190.427 0.191
120.083 0.208 190.427 0.191

Date ended: 8/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 2

Date started: 15/8/1992

phenol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 28.6gm

Initial oxygen purged (32.3 mg/1)

Temperature: 21°C.

Time Abs, conc. (c) c¢/c0
(Hour) (mg/1)
0.000 1.120 1001.000 1.000 a b
0.160 0.885 790.790 0.790 a
0.500 0.673 601.601 0.601 a
1.000 0.539 481.481 0.481 a
1.500 0.448 400.4100 0.100 a
2.000 0.41041 361.361 0.361 =a
3.000 0.374 334.334 0.334 =a
5.000 0.356 318.318 0.318 a
7.000 0.343 306.306 0.306 a
9.500 0.315 281.281 0.281 =a
12.000 0.291 260.260 0.260 a
24.000 0.255 228.228 0.228 a b
36.000 0.208 186.186 0.186 =a
48.000 0.175 156.156 0.156 a
72.000 0.121 108.108 0.108 =a
96.000 0.871 78.078 0.078
120.000 0.670 60.060 0.060
144.000 0.542 418.018 0.018
180.000 0.411 37.037 0.037 b
264.000 0.330 29.129 0.029
336.000 0.330 29.129 0.029 b

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



TR
Reaclor no. 4
Date started: 20/8/1992
Phenol at pll 7
Initial concentration : 1000 mg/1
Mass of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.122 1002.700 1.000 a b
0.160 0.880 787.119 0.785 a
0.500 0.679 606.633 0.605 a
1.083 0.528 472.271 0.471 a
1.583 0.437 391.053 0.390 a
2.083 0.409 365.985 0.365 a
3.083 0.381 340.918 0.340 a
5.083 0.352 314.848 0.314 a
7.083 0.341 304.821 0.304 a
9.583 0.336 300.810 0.300 a
12.083 0.331 295.796 0.295 a
24.083 0.316 282.761 0.282 a b
36.083 0.312 278.750 0.278 a
48.083 0.297 265.715 0.265 a
72.083 0.293 261.705 0.261 a
96.083 0.293 261.705 0.261 a
120.083 0.293 261.705 0.261 a b

Date ended: 14/9/1992

Remarks:

a: Ten times dilulion was made for all the samples

b: Tnorganic carbon measurements were performed and no increase

was noticed (no biological activily)



Reactor no. 1

Date started: 14/9/1992

phenol at pH 7

Initial concentration : 1000 mg/]
Mass of carbon: 28.6gm

Initial oxygen purged (32.3 mg/l)

Temperature: 35°C.

Time Abs. conc. (c) c/c0
(Hour) (mg/1)
0.000 1.080 997.000 1.000
0.160 0.889 820.531 0.823
0.500 0.727 670.981 0.673
1.000 0.678 626.116 0.628
1.500 0.628 579.257 0.581
2.000 0.615 567.293 0.569
3.000 0.558 515.449 0.517
5.000 0.527 486 .536 0.488
7.000 0.512 472.578 0.474
9.500 0.475 438.680 0.440
12.000 0.440 405.779 0.407
24.000 0.343 317.046 0.318
36.000 0.304 280.157 0.281
48.000 0.235 217.346 0.218
72.000 0.167 154.535 0.155
96 .000 0.137 126.619 0.127
120.000 0.113 104.685 0.105
141.000 0.104 95.712 0.096
180.000 0.094 86.739 0.087
264.000 0.089 81.754 0.082
336.000 0.089 81.754 0.082

Date ended: 28/9/1992

Remarks:

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reaclor no, 3

Date started: 14/9/1992

Phenol at pH 7

Initial concentration :

1000 mg/!

Mass of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 35°C.

Time
(Hour)

0

[
NW=1UWN == OO

=3 . W
[ e -T2 BEN

96
120

.000

.160
.500
.083
.583
.083
.083
.083
.083
.583
.083
.083
.083
.083
.083
.083
.083

00O O0OOOOOOO0OO0O0O0 f:) s:) f:)

.501
.501

Date ended: 18/9/1992

Remarks:

a: Ten times dilution was made for all the

b:

inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

[eYoYofeoNoNeNoNo o NoRo] f:) oo © f:) o

samples
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Reactor no. 2
Date started: 30/8/1992
o-cresol at pll 7
Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial oxygen purged : (DO = 31.1 mg/l)

Temperature: 8°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.813 783.000 0.783
0.500 0.638 614.000 0.614
1.000 0.499 481.000 0.481
1.500 0.462 445 .000 0.445
2.000 0.439 423.000 0.423
3.000 0.408 393.000 0.393
5.000 0.393 378.000 0.378
7.060 0.373 359.000 0.359
9.500 0.326 314.000 0.314
12.000 0.286 275.000 0.275
24.000 0.266 256.000 0.256
36.000 0.234 225.000 0.225
48,000 0.217 209.000 0.209
72.000 0.165 159.000 0.159
96.000 0.156 150.000 0.150
120.000 0.136 131.000 0.131
144,000 0.117 113.000 0.113
180.000 0.102 98.000 0.098
264.000 0.089 86.000 0.086
336.000 0.089 86.000 0.086

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological actlivity)



287
Reactor no. 3
Date started: 19/9/1992
o-Cresal at pH 7
Initial concentration : 1000 mg/]
Mass of carbon: 12 gm

Initial nitrogen purged (0.0 mg/l)

Temperature: 8°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.805 775.000 0.775
0.500 0.650 626.000 0.626
1.089 0.505 486 .000 0.486
1.589 0.456 439.000 0.139
2.089 0.432 416.000 0.416
3.089 0.411 396.000 0.396
5.089 0.385 371.000 0.371
7.089 0.370 356.000 0.356
9.589 0.340 327.000 0.327
12.089 0.323 311.000 0.311
24.089 0.296 285.000 0.285
36.089 0.285 274.000 0.274
48.089 0.277 267.000 0.267
72.089 0.268 258.000 0.258
96.089 0.262 252.000 0.252
120.089 0.272 262.000 0.262

Nate ended: 23/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Tnorganic ecarbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 1

Date started: 30/8/1992

o-cresol at pH 7

Initial concentration

Mass of carbon: 12 gm

Initial oxygen purged: (31.5 mg/l)

Temperature: 21°C.

Time Abs
(Hour)
0.000 1.038
0.160 0.837
0.500 0.652
1.000 0.507
1.500 0.439
2.000 0.400
3.000 0.389
5.000 0.381
7.000 0.362
9.500 0.343
12.000 0.324
24.000 0.266
36.000 0.246
48.000 0.205
72.000 0.166
96.000 0.121
120.000 0.110
144.000 0.099
180.000 0.087
264.000 0.084
336.000 0.084

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

1000.
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

806
628
488
423
385
375
367
319
330
312
256
237
197
160
117
106

95

84

81

81

000

: 1000 mg/!

was noticed (no biological activity)
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Reactor no. 3
Date started: 147971992
o-cresol at pH 7
Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.042 1000.000 1.000
0.160 0.824 791.000 0.791
0.500 0.641 615.000 0.615
1.089 0.522 501.000 0.501
1.589 0.441 426 .000 0.426
2.089 0.409 393.000 0.393
3.089 0.393 377.000 0.377
5.089 0.386 371.000 0.371
7.089 0.371 356.000 0.356
9.589 0.362 348.000 0.348
12.089 0.356 342.000 0.342
24.089 0.330 317.000 0.317
36.089 0.323 310.000 0.310
48.089 0.317 304.000 0.304
72.089 0.314 301.000 0.301
96.089 0.314 301.000 0.301
120.089 0.314 301.000 0.301

Date ended: 18/9/1992

Remarks:

a: Ten times dilulion was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



285
Reactor no. 1
Date startecd: 30/8/1992
o-cresol at pll 7
Initial concentration : 1000 mg/}

Mass of carbon: 12 gm

Initial oxygen purged: (31.5 mg/1)

Temperature: 35°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.821 791.000 0.791
0.500 0.687 662.000 0.662
1.000 0.551 531.000 0.531
1.500 0.502 483.000 0.483
2.000 0.468 451.000 0.451
3.000 0.438 422.000 0.422
5.000 0.414 399.000 0.399
7.000 0.389 375.000 0.375
9.500 0.354 341.000 0.341
12.000 0.339 326.000 0.326
24.000 0.306 295.000 0.295
36.000 0.292 281.000 0.281
48.000 0.246 237.000 0.237
72.000 0.171 165.000 0.165
96.000 0.154 148.000 0.148
120.000 0.134 129.000 0.129
144.000 0.123 118.000 0.118
180.000 0.111 107.000 0.107
264.000 0.106 102.000 0.102
336.000 0.106 102.000 0.102

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reaclor no. 3

Date started: 14/9/1992

o-cresol at pH 7
Initial concentration :

Mass of carbon: 12 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 35°C.

Time Abs
(Hour)
0.000 1.038
0.160 0.836
0.500 0.701
1.089 0.563
1.589 0.496
2.089 0.462
3.089 0.428
5.089 0.401
7.089 0.394
9.589 0.381
12.089 0.375
24.089 0.367
36.089 0.361
48.089 0.360
72.089 0.360
96.089 0.360
120.089 0.360

Date ended: 18/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b:

Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

1000 mg/1

348.
347.
347.
317.
.000

347
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APPENDIX A.1.3.3

RAW DATA FOR THE EFFECT OF DO LEVELS



Reactor no. 2

Date started: 15/8/1992

phenol at pH 7

Initial concentration

Mass of carbon: 28.6gm

Initial oxygen purged (32.3 mg/l1)

Temperature:

QI3 .L WK
DO DS

120.
144.
180.
264.
336.

fu—y
NWOW-TNWNFR~OOO

21°C.

R o
(o]
—

0.330

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made

b:

Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

conc. (c)

(mg/1)

1001.
790.

601

: 1000 mg/1

000
790

.601
481.
400.
361.
334.
318.
306.
281.
260.
228.
186.
156.
108.
78.
60.
48.
37.
29.
29.

481
400
361
334
318
306
281
260
228
186
156
108
078
060
048
037
129
129

OOOOOOOOOOOOOOOOOOOOH

[ -

>
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Reactor no. 2

Date started: 15/8/1992

phenol at pH 7

Initial concentration

: 1000 mg/l1

Mass of carbon: 28.6gm

Initial oxygen purged (8.5 mg/1)

Temperature:

96
120
144
180
264
336

.000
.500
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

21°C.

0.071
0.071

Date ended: 29/8/1992

Remarks:

conc. (c) c/c0
(mg/1)
998.100 1.000
778.586 0.780
607.646 0.609
473.136 0.474
412 .419 0.413
351.703 0.352
341.427 0.342
324.614 0.325
309.668 0.310
287.250 0.288
251,754 0.252
209.720 0.210
172.356 0.173
155.542 0.156
106 .035 0.106
89.221 0.089
78.012 0.078
72.407 0.073
67.737 0.068
62.880 0.063
62.880 0.063

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)
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Reactor no. 2

Date started: 15/8/1992

phenol at pH 7

Initial concentration :

1000 mg/

Mass of carbon: 28.6gm

Initial oxygen purged (4 mg/1)

Temperature:

96

.000
.000
.000
120.
144.
180.
264.
335.

000
000
000
000
000

21°C.

Abs. conc. (c)

(mg/1)

113 997.000
.882 790.621
.660 591.221
.521 466.596
.451 403.785
.403 360.914
.369 331.004
.364 326.019
.334 299.100
.323 289.130
.284 254.235
.244 218.343
.203 181.454
.167 149.550
.139 124.625
.130 116.649
.127 113.658
.125 111.664
.124 110.667
.122 109.670
.122 109.670

[eNeoNoNoNoNoNeoNoNooNoooNoNe oo oo ol

Date ended: 29/8/1992

Remarks:

a: Ten times dilution was made

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)

OOOOOOOOOOOOOOOO0.0.0.0!—‘

.117
.114
.112
L1131
.110
.110
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291
Reactor no. 4
Date started: 20/8/1992
Phenol at pH 7
Initial concentration : 1000 mg/1
Mass of carbon: 28.6 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.122 1002.700 1.000
0.160 0.880 787.119 0.785
0.500 0.680 607.636 0.606
1.083 0.529 473.274 0.472
1.583 0.440 393.058 0.392
2.083 0.412 367.991 0.367
3.083 0.384 342,923 0.342
5.083 0.354 316.853 0.316
7.083 0.348 310.837 0.310
9.583 0.339 302.815 0.302
12.083 0.333 297.802 0.297
24.083 0.314 280.756 0.280
36.083 0.304 271.732 0.271
48.083 0.298 266.718 0.266
72.000 0.295 263.710 0.263
96.083 0.295 263.710 0.263
120.083 0.295 263.710 0.263

Date ended: 24/8/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)
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Reactor no. 1
Date started: 30/8/1992
o-cresol at pH 7
Initial concentration : 1000 mg/]

Mass of carbon: 12 gm

Initial oxygen purged: (31.5 mg/l)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.038 1000.000 1.000
0.160 0.837 806.000 0.806
0.500 0.652 628.000 0.628
1.000 0.507 488.000 0.488
1.500 0.439 423.000 0.423
2.000 0.400 385.000 0.385
3.000 0.389 375.000 0.375
5.000 0.381 367.000 0.367
7.000 0.362 349.000 0.349
9.500 0.343 330.000 0.330
12.000 0.324 312.000 0.312
24.000 0.266 256.000 0.256
36.000 0.246 237.000 0.237
48.000 0.205 197.000 0.197
72.000 0.166 160.000 0.160
96.000 0.121 117.000 0.117
120.000 0.110 106.000 0.106
144.000 0.099 95.000 0.095
180.000 0.087 84.000 0.084
264.000 0.084 81.000 0.070
336.000 0.084 81.000 0.070

Date ended: 13/9/1992
Remarks:
a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)
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Reactor no. 1
Date started: 30/8/1992
o-cresol at pH 7
Initial concentration : 1000 mg/1
Mass of carbon: 12 gm

Initial oxygen purged: (8.5 mg/1)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.030 1000.000 1.000
0.160 0.816 792.000 0.792
0.500 0.649 630.000 0.630
1.000 0.487 473.000 0.473
1.500 0.446 433.000 0.433
2.000 0.406 394.000 0.394
3.000 0.394 383.000 0.383
5.000 0.388 377.000 0.377
7.000 0.357 347.000 0.347
9.500 0.346 336.000 0.336
12.000 0.323 314.000 0.314
24.000 0.269 261.000 0.261
36.000 0.250 243.000 0.243
48.000 0.207 201.000 0.201
72.000 0.181 176.000 0.176
96.000 0.154 150.000 0.150
120.000 0.145 141.000 0.141
144.000 0.143 139.000 0.139
180.000 0.138 134.000 0.134
264.000 0.135 131.000 0.131
336.000 0.135 131.000 0.131

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)
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Reactor no. 1
Date started: 30/8/1992
o-cresol at pH 7
Initial concentration : 1000 mg/l
Mass of carbon: 12 gm

initial oxygen purged: (4.0 mg/l)

Temperature: 21°C.

Time Abs. conc. (c) c/c0
(Hour) (mg/1)
0.000 1.116 1000.000 1.000
0.160 0.894 801.000 0.801
0.500 0.692 620.000 0.620
1.000 0.549 492,000 0.492
1.500 0.482 432.000 0.432
2.000 0.436 391.000 0.391
3.000 0.417 374.000 0.374
5.000 0.422 378.000 0.378
7.000 0.392 351.000 0.351
9.500 0.374 335.000 0.335
12.000 0.355 318.000 0.318
24.000 0.302 271.000 0.271
36.000 0.292 262.000 0.262
48.000 0.258 231.000 0.231
72.000 0.220 197.000 0.197
96.000 0.2ii 189.000 0.189
120.000 0.208 186.000 0.186
144.000 0.204 183.000 0.183
180.000 0.203 182.000 0.182
264.000 0.202 181.000 0.181
336.000 0.202 181.000 0.181

Date ended: 13/9/1992

Remarks:

a: Ten times dilution was made for all the sampies

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)



Reactor no. 3

Date started: 14/9/1992
o-cresol at pH 7

Initial concentration : 1000 mg/1
Mass of carbon: 15 gm

Initial nitrogen purged (DO = 0.0)

Temperature: 21°C.

Time Abs conc. (c) c/c0
(Hour) (mg/1)
0.000 1.042 1000.000 1.000
0.160 0.824 791.000 0.791
0.500 0.641 615.000 0.615
1.089 0.522 501.000 0.501
1.589 0.444 426.000 0.426
2.089 0.409 393.000 0.393
3.089 0.393 377.000 0.377
5.089 0.386 371.000 0.371
7.089 0.371 356.000 0.356
9.589 0.362 348.000 0.348
12.089 0.356 342.000 0.342
24.089 0.330 317.000 0.317
36.089 0.323 310.000 0.310
48.089 0.317 304.000 0.304
72.089 0.314 301.000 0.301
96.089 0.314 301.000 0.301
120.089 0.314 301.000 0.301

Date ended: 18/9/1992

Remarks:

a: Ten times dilution was made for all the samples

b: Inorganic carbon measurements were performed and no increase

was noticed (no biological activity)
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APPENDIX A.1.4

RAW DATA FOR THE COLUMN EXPERIMENTS



Column no. 1

Date started: 12/3/1993

0-Cresol at pH 7

Initial concentration

Mass of carbon: 130 gm

Nitrogen purged (DO = 0.04 mg/l)

Temperature:

114
124
134
144
168
180

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

21°C.

et et (et oo ok b ik b ek bk ik ek e D O QO OO OO QOO OOOO0
w
(Y]

Date ended: 25/3/1993

Cone. (C)
(mg/1)

1 70 mg/l

.000
.050
.610
.960
.100
.450
.590
.010
.850
.620
.180
.550
.690
.690

[eNoNeNoNoRoNeoNoloNoNoNeNo oo oo NoRoReNo oo RoloRoloRo o)

C/Co
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Column no. 2

Date started: 12/3/1993

o-Cresol at pH 7

Initial concentration : 70 mg/1

Mass of carbon: 130 gm

Oxygen purged (DO = 31.4 mg/1)

Temperature:

185.

190
195

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.000

000

.000
.000

21°C.

.899
.937
.967
.975
.972
.970
.986
.983
.964
.986
.997

Conc. (C)
(mg/1)

OO O OOOODANWGN LU S DS WWEN D =
LN W RNV WNODINRWNNROJIUTTODNRN =0

OO UNUNWWNDNO

.550
.510
.000
.790
.650
.700
.490
.300
3 /00
61.

400

OOOOOOOOOOOOOOOOOOOOOOOOOOOP.C).O?_C)'0.0.0

Cc/Co

.120
.134
.149
.200
.310
.370
.524
.571
.650
.680
.700
.730
.750
770
.800
.830
.865
.893
.800
.897
.895
.910
.907
.890
.910
.920

208



200
205
215
230
240
270
280
290
300
310
315
320
325
330

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

T Y R N

.001
.000
.011
.020
.024
.018
.023
.030
.037
.039
.036
.038
.040
.040

Date ended: 25/3/1993

64

65
65
66
65
66

66

66
67

.680
.610
.310
.870
.150
.800
.080
.570
.990
67.

130

.920
.060
67.
67.

200
200

[eNeoNoNoNoNaoNoNoleRoNoNoNoNo)

.924
.923
.933
911
.945
.940
941
.951
.957
.959
.956
.958
.960
.960
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Column no, 3

Date started: 12/3/1993

Phenol at pH 7

Initial concentration :

70 mg/l1

Mass of carbon: 130 gm

Nitrogen purged (DO = 0.04 mg/l)

Temperature:

.000
.000

»-an--'—ar—t»--;—-r—-b—-v—n—HHHHHOOOOOOOOO_O_OP_OPPQPP

21°C.

.031
.033
.025
.031
.042
.044
.054
.050
.042
.056
.057
.061
.062

Conce. (C)
(mg/1)

.350
.190
.400
.800
.940
.450
.800
.500
.640
270
.060
.500
.410
.480
.760
.830

OOOOOOOOOOOOOOOOOOOOOOOOOOO0.0.0.0.0.0-0.0

C/Co

.650
.730
.842
.860
.890
.905
.917
.920
.940
.942
.935
.940
.950
.952
.961
.958
.950
.963
.964
.968
.969

. 300



82.000
84.000
100.000
108.000
125.000
140.000

1.058
1.064
1.061
1.064
1.060
1.060

Date ended: 25/3/1993

67.550
67.900
67.760
67.900
67.690
67.690

0.965
0.970
0.968
0.970
0.967
0.867
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Column no. 4

Date started: 12/3/1993
Phenol at pH 7

Initial concentration : 70 mg/]
Mass of carbon: 130 gm

Oxygen purged (DO = 31.1 mg/l)

Temperature: 21°C.

Time Abs. Conc. (C) c/Co
(Hour) (mg/1)
20.000 0.000 0.000 0.000
25.000 0.031 1.960 0.028
26.000 0.036 2.310 0.033
27.000 0.050 3.150 0.045
28.000 0.063 3.990 0.057
29.000 0.078 4.970 0.071
31.000 0.088 5.600 0.080
33.000 0.127 8.050 0.115
34.000 0.155 9.800 0.140
35.000 0.177 11.200 0.160
36.000 0.193 12.250 0.175
37.000 0.221 14.000 0.200
38.000 0.254 16.100 0.230
39.000 0.290 18.340 0.262
40.000 0.340 21.560 0.308
41.000 0.380 24.080 0.344
42.000 0.448 28.350 0.405
43.000 0.497 31.500 0.450
44.000 0.530 33.600 0.480
45.000 0.568 35.980 0.514
46.000 0.575 36.400 0.520
48.000 0.608 38.500 0.550
50.000 0.685 43.400 0.620
52.000 0.696 44 .100 0.630
54.000 0.707 44.800 0.640
56.000 0.729 46.200 0.660
58.000 0.759 48.090 0.687
60.000 0.765 48.440 0.692
62.000 0.785 49.700 0.710
64.000 0.791 50.120 0.716
68.000 0.812 51.450 0.735
70.000 0.851 53.900 0.770
72.000 0.895 56.700 0.810
74.000 0.917 58.100 0.830
76.000 0.934 59.150 0.815



78.

80.

82.

84.

86.

90.
100.
.000
.000
.000
.000
.000
.000
140.
.000
.000
.000
.000
180.
.000
.000
.000
.000
230.
240.
270.
280.
290.
300.
310.
315.
320.
330.

102
107
112
120
130
135

145
150
155
160

185
190
205
215

000
000
000
000
000
000
000

000

000

000
000
000
000
000
000
000
000
000
000

T S T T Y R e N N N e el o o S e = N N =]

.950
.961
975
.983
.010
.008
.017
.021
.030
.041
.036
.051
.044
.051
.055
.044
.051
.049
.062
.063
.062
.064
.066
.064
.073
.066
.069
.070
.072
070
.064
.070
.070

Date ended: 25/3/1993

.200
.900
.740
.300
.980
.840
.400
.680
.240
.940
.660
.570
.150
.570
.850
. 150
.570
.430
.270
.340
.270
.410
.550
.410
.970
.550
.690
.760
.900
.760
.410
.760
.760

[ofoNeoloRoNoNoNoNoNoNeNoNoNoNoNoNolleNeloNoNoNoNoNolo o oo oo oo

.860
.870
.882
.890
.914
.912
.920
.924
.932
.942
.938
951
.945
.951
.9565
.945
.951
.949
.961
.962
.961
.963
.965
.963
.971
.965
.967
.968
.970
.968
.963
.968
.968
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APPENDIX A.2

COMPUTER PROGRAMS FOR THE PREDICTION OF

THE BATCH EXPERIMENTS



FI1LE: README DoC A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN 305 PAGE nn

—

HRBEHRAHERNNEERHRERRERRARRRERRRRRRRERRRRAERRHERHERRB AR AR RRTRAERLI RN

# In order to determine the surface diffusion coefficient two programs

* are required to be run.
* The two programs are:
#  HSDM.EXE and SHSDM.EXE
BHAREERBRRRERRRHERRRRH RN RN RERERRRAERR RN AR RARRBEHERHRRRERRRRAR RS
The first step:
Run HSDM, EXE
This program uses the following input files
~HSDM, IN
=PART.COL

HSDM. IN 1S YOUR INPUT FILE. DETAILS ARE SHOWN IN THE FILE ITSELF. USUALLY
USE FOR THE RUN TIME A LARGE LENGTH OF TIME TO OBTAIN THE BEST ESTIMATE
the surface diffusiuon coefficient Ds.

PART.COL is the collocation matrices file

YOUR OUTPUT FILE IS HSDOM,OUT. FROM THIS FILE GET TIIE

FINAL ESTIMATE OF DS
HRRERUREREREHRERERR R RARR RN RREREEERRRERERHER R ERHRRRRRRRRERR B BLR R R
The second step :

Run SHSDM. EXE

This program uses the following input files

SHSDM.CTR

SHSDM. IN

INPUT.DAT

PART,COL

THE ONLY INPUT FILE YOU NEED TO ADJUST IS INPUT.DAT.

AGAIN THE DETAILS ARE

SHOWN IN THE FILE ITSELF. HERE PUT THE DS ESTIMATE OBTAINED FROM THE
PROGRAM,

THE OUTPUT FILES ARE TWO: SHSDM.OUT AND OUTPUT.DAT

SHSDM.OUT will give you the final Ds value.

OUTPUT.DAT will give you a table (found at the end of the file) showing
THE TIME, EXP C/CO, AND PREDICTED C/CO
HRRHAREREHEERERERRHRR RN RERAERB AR SRR ERAEEREHRB R HEHA R HARRRS SR ARERHRS



FILE: HSDM IN Al KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN
o 1 1 /VPRC, PRI, 1PRO DON'T CHANGE
200.9800 /CO , INITIAL CONC (mg/L)

1.224 /CARBON CONC (g/L)

0.517756d-05 /DS, SURFACE DIFFUSION ESTIMATE {cm2/min)
0.207473D0 /XKF, FILM TRANSFER ESTIMATE (cm/min)

50.25 /XK , FREUNDLICK K PARAMETER (mg/g - mg/l)

0.214 /XN, FREUNDLICH EXPONENT PARAMETER (mg/g ~ mg/!|)
0.050019D0 /RADP, RADIUS OF GAC PARTICLE (cm)
0.74D0 /RHOP, DENSITY OF GAG PARTICLE (g/cm3)
10 /NCP, NUMBER OF COLLOCATION POINTS- DON'T CHANGE
0.1D-04 2 2 /TOL,METH,MITER DON'T CHANGE
1.0D-10 /OTINIT (min) DON'T CHANGE
2.5000 /0TOUT (min) DELTA TIME OuT
9000.0D0 /TFINAL {min} TOTAL RUN TIME

10000 /1TMAX MAX NUMBER OF ITERATIONS
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INPUT DATA Al KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

12 200.98 1 / NUMBER OF DATA POGINTS, INITIAL CONCENTRATION., ALWAYS USE
THE THIRD PARAMETER

0.0 1.0 / TIME, MIN C/Co

30.0 0.597

60.0 0.438

90.0 0.356

120.0 0.328

150.0 0.305

180.0 0.293

210.0 0.281

270.0 0.275

390.0 0.262

630.0 0.258

1133.0 0.244

1.2240 /carbon conc ,g/L

0.050019 /particle radius, cm

0.7h /GAC particle density, g/cm3
50.25 /Freundlich K parameter ({(q in mg/g) - (C in mg/L})
0.214 /Freundlich n parameter

0.22 /film transfer coefficient cm/min

5.2d-06 /surface diffusion coefficient, cm2/min
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FILE: HSDM

o

o

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

PROGRAM HSDM

IMPLICIT DOUBLE PRECISION {A-H,0-Z)

COMMON /CTRL/ 1PRG, IPRI, 1PRO, TOL, METH, MITER
COMMON /COL/ NCP,WP{1h4),BP(1l},14)

COMMON /PARM/ CO,Q0,CCONC, DS, XKF,
&XK, XN, RADP, RHOP, BIOT, CD, TFAC

COMMON /WORK/ DTINIT, DTOUT, TFINAL, | TMAX, | TRY
COMMON /VAR/ Y{15),NTOT

0P§N(30,FILE='HSDM.IN',STATU$=iOLD')
OPEN( 31, FILE="'PART.COL', STATUS='0OLD")
OPEN( 32, FILE="HSDM.OUT', STATUS="'NEW')
CALL [INPUT

CALL INCOL

CALL INIT

CALL CALCC

stop ! ALL DONE'

SUBROUTINE INPUT
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /CTRL/ IPRC, I PRI, IPRO, TOL,METH,MITER
COMMON /COL/ NCP,WP(14),BP(14,1l)
COMMON /PARM/ C0,Q0, CCONC, DS, XKF,

&XK, XN, RADP, RHOP,BI0T,CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, I TRY
COMMON /VAR/ Y(15),NTOT

READ(30,*) IPRC, IPR!, | PRO
PHYSICAL PARAMETER

READ( 30, *) CO
READ( 30, *} CCONC
READ(30,%*) DS
READ( 30, *) XKF
READ( 30, %) XK
READ(30,*) XN .
READ(30,*) RADP
READ( 30, *) RHOP

CONTROL PARAMETER

READ(30,*) NCP

HSDC0010
HSDO0020
HSDOO030
HSDOOOAUO
HSDO0050
HSDON060
HSDOON70
HSDO0080
HSDO0090
HsSDOO 100
HSDOO110
HSD0O0120
HsSDO0130
HsDoO 110
HSDO0150
HSDOO160
HSD00170
HSDO0 180
HSD00190
HSDN0200
HSD00210
HSD00220
HSD00230
HSDOO2K0
HSD00250
HSD00260
HSD00270
HSD00280
HSD00290
HSDO0300
HSD0O0310
HSD00320
HSD00330
HSDOO34O
HSD00350
HSDON360
HSDOO0370
HSD00380
HSD0O0390
HSDOOU0OO
HSDOOW 10
HSDOOuU20
HSDOOU 30
Hsboouho
HSDOOU50
HSDNOLEO
HSDOOLT70
HSDOOU80
HSDO0KI0
HSD0O0500
HSD0O0510
Hsno0520
HSD0O0530
HSBOO0510
HSDOO0550
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FILE: HSDM

(o]

10

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

READ(30,*) TOL,METH,MITER
READ{30,*) DTINIT
READ(30,*) DTOUT
READ(30,%*) TFINAL
READ(30,#*) ITMAX

RETURN
END

SUBROUTINE INCOL
IMPLICIT DOUBLE PRECISION (A-H,0-2)

COMMON /CTRL/ IPRC, I PRI, IPRO, TOL, METH,MITER
COMMON /COL/ NCP,WP{1l4),BP( 1k, 11)
COMMON /PARM/ €0, Q0, CCONC, DS. XKF,

&XK, XN, RADP, RHOP, B10T, CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, | TRY
COMMON /VAR/ Y(15),NTOT

DIMENSION iDL(2)
DIMENSION DUMMY(14)

1FL1=0
IFL2=0
CONTINUE

READ(31,%) 1D

IF(1D .EQ. 999) THEN

SOMETHING 1S WRONG

WRITE(*,*) ' REQUESTED COLLOCATION MATRIX IS NOT AVAILABLE'
STOP ' ERROR - ALL DONE °

END IF

IF(ID .EQ. NCP) THEN

IFLI=1

END IF

READ IN AND DISTRIBUTE
IF(IFLT .NE. 0) THEN
READ(31,1001) (WP(1),I1=1.1D)

DO 2 I=1,1D
READ(31,1001) (BP(1,J),J=1,1D)

2 CONTINUE

IF(IFL1 .EQ. 0) GO TO 10
IF(IFLT .EQ. 1) GO TO 11

END IF

IF(IFLY .EQ. O) THEN
READ(31,1001) (DUMMY(1), t=1,1D)
DO 6 i=1,ID

READ(31,1001) (DUMMY(J),J=1, 1D)

HSD00560
HSD00570
HSD0OO580
HSDO0590
HSDO0600
HSDOO0610
HSDO0620
HSDD0630
HSDOOGHO
HSDO0650
HSD00660
HSDO0670
HSD00680
HSD00690
HSDOO700
HSDOO710
HSDO0O720
HSDO0O730
HSDOO74O
HsSDO0750
HSD00760
HSDO0770
HSD00780
HSD00790
HSD0O0800
HSDO0810
HSD00820
HSDO0830
HSDOO8UO
HSD00850
HSD00860
HSDO0870
HSDO0880
HSDO089C
HSD00900
HSDO0910
HSD0O0920
HSD00930
HSDOO9UO
HSD00950
HSDO0960
HSD0OQ970
HSD00980
HSD00990
HSDO1000
HSDO1010
HSDO1020
Hsb01030
HSDO 1040
11SD01050
HSDO 1060
HSDO1070
HSDO1080
1sD01090
HSDO1100
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6 CONTINUE
GO TO 10
END IF ~
11 CONTINUE
WRITE THE MATRIXES
IF(IPRC .EQ. 1) THEN
WRITE(*,*) ' WEIGHTS °
WRITE(*,1001) (WP(1),1i=1,NCP)
WRITE(#*,#) ' COLLOCATION MATRIX (B)"'
DO 13 1=1,NCP
WRITE(*,1001) (BP(1,J),J=1,NCP)
13 CONTINUE
END IF

1001 FORMAT(4D20.12)

(¢}

RETURN
END

SUBROUTINE INIT
IMPLICIT DOUBLE PREGISION (A-H,0-Z)
COMMON /CTRL/ IPRC, IPRI, | PRO, TOL, METH, Mi TER
COMMON /COL/ NCP,WP(14),BP( 11, 14)
COMMON /PARM/ CO,Q0, CCONC, DS, XKF,
&XK, XN, RADP, RHOP, B1OT, CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, | TRY
COMMON /VAR/ Y(15),NTOT
NTOT=NCP+1
INITIAL CONDITION FOR SOLID PHASE
DO 11 I=1,NTOT-1
Y(1)=0.0D0
11 CONTiINUE
LIQUID PHASE
Y(NTOT)=1.000
COMPUTE DEPENDENT PARAMETERS
QO=XK*CO*#XN
CD=CCONC*Q0/C0
B1=XKF¥RADP*CO
B2=DS*RHOP*Q0*1000.000
BIOT=B1/B2

TFAC=DS/( RADP*RADP)

HSDO1110
HSDO1120
HSDO1130
HSDO11h0
HSDO1150
HSDO1160
HSDO1170
HSD0O1180
HSDO1190
SD01200
HSDO1210
HSDO 1220
HSD0O1230
HSDO 1240
HSD0O 1250
HSDO1260
HSDO1270
HSD0 1280
HSDO1290
HSDO1300
HSDO1310
HSD01320
HSDO1330
HSDO1340
HSD0O1350
HSDO1360
HSDO1370
HsSDO 1380
1#SD01390
HSDO1400
HSDO1410
HSDO 1420
HSDO1430
HSDO1440
HSDO 1450
HSDO 1460
HSDO1470
HSDO 1480
HSDO1490
1sDO1500
HSDO1510
HSD01520
HSDO1530
HSDO1540
HSDO1550
HSDO1560
HSD01570
HSD01580
HSD01590
HSD01600
HSDO1610
HSD0O1620
HsSD01630
HSDO1640
HSDO1650
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IF(1PRI .EQ. 1) THEN
WRITE(32,1001) CO,CCONC,CD
WRITE(32,1004) DS
WRITE(32,1005) XKF
WRITE(32,1006) BIOT
WRITE(32,1007) RADP
WRITE(32,1008) RHOP
WRITE(32,1009) XK
WRITE(32,1010) XN
WRITE(32,1011) TFAC

CONTROL PARAMETER

WRITE(32,1013) NTOT,TOL,METH,MITER,DTINIT,DTOUT, TFINAL

END IF

FORMAT STATEMENTS

1001 FORMAT(2X, 'CO = ',E12.6,/,

1004
1005
1006
1007
1008
1009
1010
1011

1013

&2X, 'CCONG =

&2X,'CD =

FORMAT(1X,’
FORMAT(1X, '
FORMAT( 1X, '
FORMAT(1X, '
FORMAT(1X,'
FORMAT(1X, '
FORMAT(1X, '
FORMAT(1X, '

FORMAT(1X, *
1X, ' oL
1X, 'METH
1X, '"MITER

1X, 'DTOUT

PR F

1X, 'NULL")

RETURN
END

SUBROUTINE

IMPLICIT DOUBLE PRECISION (A-H,0-7)

COMMON /CTRL/ IPRC, IPRI, 1PRO, TOL, METH, MITER
COMMON /COL/ NCP,WP(14),BP(1h,11)
COMMON /PARM/ CO,Q0,CCONC, DS, XKF,

&XK, XN, RADP,

COMMON /WORK/ DTENIT,DTOUT, TFINAL, | TMAX, | TRY

',E12.6,/,
',E12.6,/)

DS

'L E12.5)
XKF ',E12.5)
BlOT ',E12.5)
RADP = ',E12.5)
RHOP ',E12.5)
XK = ',E12.5)
XN = ',E12.5)
TFAC ',E12.5)

NTOT =*, 14, /,
=',E16.6,/,
=',14,/,
=',1u,/,

1X, 'DTINIT =',E16.6,/,

=',E16.6,/,

1%, 'TFINAL =',E16.6,/,

CALCC

RHOP,BI0OT,CD, TFAC

COMMON /VAR/ Y(15),NTOT

DIMENSION WK(390), IWK(29)

HSDO 1660
HSD01670
HSD01680
HSDO 1690
HSDO1700
HSDO1710
HSD0O1720
HSDO1730
HSDO1740
HSDO1750
HSDO1760
HSDO1770
HSD0O1780
HSDO1790
HSDO 1800
HSDO1810
HSD0O 1820
HSDO1830
HSDO184Q
HSDO1850
HSDO1860
HSDO1870
HS001880
HSD0O1890
HSDO01900
HSDO1910
HSD01920
HSD0O1930
HSDO 1940
HSD01950
HSD01960
HSDO1970
HSDO1980
HSD0O 1990
HSD0O2000
HSD02010
HSD02020
HSD02030
HSDO2040
HSD02050
HSD02060
HSD02070
HSD02080
11SD02090
HSD02100
HSD02110
HSD02120
HSD02130
HsSDo2140
HSD02150
HSD02160
HSDO2170
HSD02180
HSD02190
HsSD02200
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2001

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

EXTERNAL FCN, FCNJ

N=NTOT
HH=DTINIT
INDEX=1

T=0.00D0

1TRY=0
ITRYT=0
TPHYS=0.00D0
ITER=0

WRITE(#*,2001) ITER, ITRY, T, TPHYS,Y(NTOT)
WRITE(32,%*) ITER, ITRY, T, TPHYS,Y(NTOT)

CONTINUE

ITER=ITER+1
TEND=T+DTOQUT*TFAC

1 TRY=0
CALL DGEAR(N, FCN, FCNJ, T,HH,Y, TEND,
&TOL,METH, MITER, INDEX, 1WK, WK, |1ER)

I TRYT=1TRYT+I TRY
T=TEND
TPHYS=T/TFAC
WRITE(*, #) (Y(LL),LL=1,NCP)
WRITE(*,2001) ITER, ITRY, T, TPHYS, Y(NTOT)

WRITE(32,%*) (Y(LL),LL=1,NCP)
WRITE(32,%*) ITER, [TRY,T, TPHYS,Y(NTOT)
IF (T/TFAC .LT. TFINAL) GO TO 100

WRITE(*,*) "ITRYT = ', ITRYT

WRITE(32,%) ' 999 999 999 999 999 999 999

FORMAT(1X, 14, 15,3E12.4)
RETURN
END

SUBROUTINE FCNJ(N,T,Y,PD)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION Y(N),PD(N,N)

RETURN
END

SUBROUTINE FCN(N,T,Y,YPRIME)
iIMPLICIT DOUBLE PRECISION (A-11,0-Z)

COMMON /CTRL/ IPRC, IPRI, I PRO, TOL,METH, MITER

HSD02210
HSD02220
HSD02230
HsSD02240
HSD02250
HSD02260
HSD02270
HSD02280
HSD02290
HSD02300
HSDO02310
HSD02320
HSD02330
HSD02340
HSD02350
HSD02360
HSD02370
HSD02380
HSD02390
HSDO2u400
HSDO2u410
HSDO2u420
HSDO2430
HSDO2ukO
HSDO2U50
HSDO2460
HSDO2u70
HSDO2uU80
HSDO2u90
HSD02500
HSD02510
HSD02520
HSD02530
HSDO2540
HSD02550
HSD02560
HSD02570
HSD02580
HSD02590
HSD02600
HSD02610
HSD02620
HSD02630
HSD02640
H8D02650
HSD02660
HSD026T0
HSD02680
HSD02690
HSD02700
HSDO02710
HSD02720
HSD02730
HSDO2710
HSD02750

312 PAGE nu



FILE:

HSDM FORTRAN Al KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN
GOMMON /COL/ NCP,WP(14),BP( 14, 14) HSD02760
COMMON /PARM/ CO,Q0, CCONC, DS, XKF, HSDO2770

&XK, XN, RADP, RHOP, B10T, CD, TFAC HSD02780
COMMON /WORK/ DTINIT,DTOUT, TFINAL, I TMAX, | TRY HSD02790

c HSD02800
DIMENSION Y{N), YPRIME(N) 1SD02810
DIMENSION BB( 14) HSD02820

c HSD02830
1TRY=1TRY+1 HSD02840

c HSD02850
NTOT=N HSD02860

KK=0 HSD02870

11=0 HSD02880

c HSD02890
NICP=NCP~-1 HSD02900

c HSD02910
DO 30 J=1,NiCP HSD02920
B8B{J)=0.000 HSD02930

30 CONTINUE HSDO2940
WW=0.0D0 HSD02950

c HSD02960
00 50 I=1,NiCP HSD02970
=i+ HSD02980

LL=0 HSD02990

c HSD03000
DO 40 J=1,NCP HSD03010
LL=LL+1 HSD03020

BB( 1)=BB({1)+BP(!,J)*Y(LL) HSD03030

40 CONT INUE HSDO30L0

c HSD03050
c MASS BALANCE INSIDE PARTICLE (EXCEPT BOUNDARY) HSD03060
c HSD03070
YPRIME( 11)=BB(!) HSD03080

c HSD03090
WW=WW+WP( | J*YPRIME( 1) HSDO3100

50 CONTINUE HSD03110

c HSD03120
c SOLID-LIQUID INTERFACE HSD03130
c HSDO3 140
PE=11+1 HSDO3150

cc YPRIME(I[) = ((BIOT*(Y(NTOT)~(Y(I1)%*(1.0DO/XN)))-WW)/ HSD0O3160
cc &WP(NCP)) HSD03170
c HSD03180
160=0 HSD03190

c HEAT EQ AT INTERFACE HSD03200
BSUM=0.0D0 1HSD03210

DO 11 KKK=1,NCP HSD03220
BSUM=BSUM+BP(NCP, KKK )*Y( KKK) HSD03230

11 CONTINUE HSDO3240

c HSD03250
1F (160 .EQ. 0) THEN HSD03260
IF(Y(11) .LT. 1.0D-15) THEN HSD03270

cG YPRIME(11) = ((BIOT*(Y{NTOT)=Y(11))-WW)/WP(NCP)) HSD03280
cC YPRIME( 1) = ((BIOT*(Y(NTOT)-0.0D0)-WW}/WP(NCP)) HSD03290

YPRIME(I11) = ((

(BIOT*(Y(NTOT)=0.0DD) -WW) /WP{NCP) ) +BSUM)*0.5HSD03 300
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ELSE

YPRIME( 1) = (({BIOT#{Y(NTOT)-(Y(!1)**(1.0DO/XN)))-WH)/
&WP{NCP) )+BSUM)}*0.5D0

END IF

END IF

LI1QUID PHASE MASS BALANCE

YPRIME(NTOT )=-3.0D0*CD*{ W+
&(YPRIME( I 1 )®WP(NCP)))

RETURN
END

HSD03310
HSDO03320
HSD03330
HSDO3340
HSD03350
HSDO3360
HSD03370
HSD03380
HSD0O3390
HSDO3400
HSDO3410
HSDO3420
HSDO3430
HSDO34kO
HSDO3450
HSDO3u60
HSDO3470
HSDO3uso
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PROGRAM SEARCH

IMPLICIT DOUBLE PREC!ISION (A-H,0-Z)

COMMON /PAR1/ COV(10),CCONCV(10),RADPV( 10), RHOPV(10),
&PARV(H,10),NDPV(10),NDSET, IPS(4), ISCALE(Y4), TM(50,10),
&YN(50,5,10), IDREP(10),NDPSV( 10), YF(50, 10)

CHARACTER*80 |FNAME(10)

SHS00010
SHS00020
SHS00030
SHS00040
SHS00050
SHS00060
SHS00070
SHS00080
SHS00090
SHS00100

DIMENSION X(h),PARM(H),F(SOO),XJAC(SOO,“),XJTJ(10),WORK(103SHSOO110

EXTERNAL FIND
I XJAC=500

0PEN(1,FILE='SHSDM.IN',STATUS='OLD')
0PEN(97,FILE='SHSDM.CTR',STATUS='0LD')

INPUT SEARCH ROUTINE CONTROL PARAMETER
READ(97,%) NSIG

READ(97,*) EPS

READ(97,*) DELTA

READ(97,*) MAXFN

READ(97,%) 10PT

READ(97,*) PARM(1)

READ(97,%*) PARM(2)

READ(97,%) PARM(3)

READ(97,*%) PARM(Y4)

K=1

CONT INUE

READ(1,1000) {FNAME(K)
TF(IFNAME(K) .NE. "NULL') THEN
READ IN THE NAME OF THE DATA FILES
NDSET=K

K=K+1

GO TO 123

ELSE

NAME OF OUTPUT FILE
READ(1,1000) |FNAME(K)

END IF

READ(1,%) (i1PS(1),t=1,N)

WRITE(*,%) ' YOUR INPUT ',NDSET, ' DATA FILE(S):"

DO 1 K=1,NDSET
WRITE(*,#) 1FNAME(K)
CONT INUE

WRITE(*,*) ' YOUR OUTPUT DATA FILE IS:*
WRITE(#,%) ITNAME{NDSET+1})

I PSSUM=0
DO 2 K=1,4

SHS00120
SHS00130
SHS00 140
SHS00150
SHS00160
SHS00170
SHS00180
SHS00190
SHS00200
SHS00210
SHS00220
SHS00230
SHS00240
SHS00250
SHS00260
SHS00270
§HS00280
SHS00290
SHS00300
SHS00310
SHS00320
SHS00330
SHS00340
SHS00350
SHS00360
SHS00370
S$HS00380
SHS00390
SHSO0400
SHsoou10
SHS00420
SHS00430
SHSOO440
SHSO0L50
SHS00U60
SHSO0470
SHS00u80
SHS00490
SHS00500
SHS00510
SHS00520
S$iiS00530
SHS00540
SHS00550
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22

1

95
94

211

21

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

IF(1PS(K) .EQ. 1) THEN
1 PSSUM=1PSSUM+1

END IF

CONT INUE

DO 11 K=1,NDSET

OPEN(K, FILE=|FNAME(K), STATUS="0LD")

REWIND(K)

READ(K, *) NDPV(K}),COV(K), IDREP(K)
DO 22 1P=1,NDPV{K)

READ(K,*) TM(1P,K),(YM{IP,1,K), =1, IDREP(K))

CONT INUE

READ(K, *) CCONCV(K)
READ(K, *) RADPV(K)
READ{ K, *) RHOPV(K)
READ(K, *)} PARV(3,K)
READ(K,*) PARV(H,K)
READ( K, *) PARV(1,K)
READ(K, *) PARV(2,K)
CONT INUE

COUNT TOTAL NUMBER OF DATA POINTS

DO 94 11=1,NDSET

NDPSV( 11)=0

DO 95 1J=1,NDPV(11)

DO 95 JJ=1, IDREP(11)
TF(YM(1J,JJ,11) .LE. 1.1D0) THEN
NDPSV( I | }=NDPSV( | | )+1

END IF

CONT INUE

CONT I NUE

M1=0

DO 211 KK=1,NDSET
M1=M1+NDPV(KK)
CONTINUE

M=0

DO 21 KK=1,NDSET
M=M+NDPSV(KK)
CONTINUE

WRITE(*,%) ' TOTAL OBSERVATION TIMES :',M1
WRITE(*,%) ' TOTAL DATA POINTS :',M
WRITE(*,*) ' YOU ARE SEARCHING FOR ', IPSSUM ,' PARAMETERS'

K=1

IF(I1PS(1) .EQ. 1) THEN
SCALE=DLOG10( PARV(1,1)})
IF{SCALE .GT. 0.0D0) THEN
ISCALE(K)=DINT( SCALE )+1
ELSE

ISCALE(K)=DINT{ SCALE)

END IF

SHS00560
SHS00570
SHS00580
SHS00590
SHS00600
SHS00610
SHS00620
SHS00630
SHS00640
SHS00650
SHS00660
SHS00670
SHS00680
SHS00690
SHS00700
SHS00710
SHS00720
SHS00730
SHS00740
SHS00750
SHS00760
SHS00770
SHS00780
SHS00790
SHS00800
SHS00810
SHS00820
SHS00830
SHS00840
SHS00850
SHS00860
SHS00870
SHS00880
SHS00890
SHS00900
SHS00910
SHS00920
SHS00930
SHS00940
SHS00950
SHS00960
SHS00970
SHS00980
SHS00990
SHS01000
SHS01010
SHS01020
SHS01030
SHSO01040
SHS01050
SHS01060
SHS01070
SHS01080
SHS01090
SHS01100

316 PAGE 00



FILE: SHSDM

O

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN
X{K)=PARV(1,1)/(10.0D0%*ISCALE(K)) SHS01110
XXX=X(K)*10.0DO*# | SCALE(K) SHS01120
WRITE(*,%) ' PARAMETER # ',K,' == KF',' ; 1G: ', XXX SHS01130
K=K+1 SHSO1140
END IF SHS01150

SHS01160

IF(1PS{2) .EQ. 1) THEN SHS01170
SCALE=DLOG10( PARV(2,1)) SHS01180
IF(SCALE .GT. 0.0D0O) THEN SHS01190
ISCALE(K)=DINT(SCALE}+t1 SHS01200
ELSE SHS01210
I SCALE(K)=D{NT(SCALE) SHS01220
END IF SHS01230
X(K)=PARV(2,1)/{10.0D0** I SCALE(K)) SHS01240
XXX=X({K)*10,0DO** | SCALE(K) SHS01250
WRITE(*,*) ' PARAMETER # ',K,' == DS',' ; 1G: ',XXX SHS01260
K=K+1 SHS01270
END IF SHS01280
SHS01290

IF(I1PS(3) .EQ. 1) THEN SHS01300
SCALE=DLOG10( PARV(3,1)) SHS01310
IF(SCALE .GT. 0) THEN SHS01320
ISCALE(K)=DINT{SCALE)+1 SHS01330
ELSE SHS01340
ISCALE({K)=DINT(SCALE) SHS01350
END iF SHS01360
X(K)=PARV{3,1)/(10.0D0** I SCALE(K)) SHS01370
XXX=X(K)*10.0DO** | SCALE(K) SHS01380
WRITE(*,#) ' PARAMETER # ',K,' == K',' ; 1G: ',XxX SHS01390
K=K+1 SHS01400
END IF SHSO1410
SHS0 1420

IF(I1PS(4) .EQ. 1) THEN SHS01430
SCALE=DLOG10( PARV(Y, 1)) SHS01440
1F(SCALE .GT. 0) THEN SHS01450
ISCALE(K)=DINT(SCALE)+1 SHSO1460
ELSE SHS01470
ISCALE(K)=DINT(SCALE) SHSO 1480
END IF SHS01490
X(K)=PARV(U,1)/{10.0D0** | SCALE(K)) SHS01500
XXX=X(K)*10.0DO** | SCALE(K) SHS01510
WRITE(*,*) ' PARAMETER # ',K,' == N',' : IG: ', XXX SHS01520
END IF SHS01530
SHSO1540

CALL TO THE SEARCH ROUTINE SHS01550
SHS01560

OPEN(NDSET+1, FILE=1FNAME{ NDSET+1), STATUS="'NEW') SHS01570
SHS01580

N=1PSSUM SHS01590
SHS01600

CALL ZXSSQ(FIND,M,N,NSIG, EPS, DELTA, MAXFN, 10PT, PARM, X, SHS01610
&SsQ, F,XJAC, 1XJAC, XJT.J,WORK, INFER, |1 ER) SHS01620
. SHS01630
OUTPUT TO DATA FILE SHS01640

DO 111 K=1,NDSET

SHS01650
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DO 222 IP=1,NDPV(K) SHS01660
WRITE(NDSET+1,1001) TM{IP,K), (YM(IP, I1,K),11=1, IDREP(K)), SHS01670

EYF(1P,K) SHS01680
222 CONTINUE SHS01690
111 CONTINUE SHS01700
c SHS01710
1000 FORMAT(A) SHS01720
1001 FORMAT(2X,6E16.6) SHS01730
c SHSD1710
STOP ' ALL DONE' SHS01750
END SHS01760
G e o e e SHS01770
SUBROUTINE FIND(X,M,N,F) SHS01780
c SHS01790
IMPLICIT DOUBLE PRECISION (A-H,0-Z) SHS01800
c SHS01810
COMMON /PAR1/ COV(10),CCONGV(10),RADPV(10),RHOPV( 10}, SHS01820
&PARV(4,10),NDPV(10),NDSET, IPS(li), ISCALE(4), TM(50, 10), SHS01830
&YM(50,5,10), IDREP(10),NDPSV(10), YF(50,10) SHS01840
c SHS01850
DIMENSION X(h), F(500) SHS01860
DIMENSION TT(50),YY(50) SHS01870
DIMENSION SSQV(10),XXV(4) SHS01880
c SHS01890
DATA ICALL /0/ SHS01900
c SHS01910
1CALL=1CALL+1 SHS01920
c SHS01930
c IF TROBLE LIMIT THE PARAMETERS TO SHS01910
C  THE SMALLEST VALUE OF 10D-30 SHS01950
DO 1 KK=1,N SHS01960
X( KK)=DMAX1(X( KK}, 1.0D-30) SHS01970
1 CONTINUE SHS01980
c SHS01990
WRITE(*,1000) VCALL, (X(KK)*10.0DO**|SCALE(KK), KK=1,N) SHS02000
WRITE(NDSET+1,1000) ICALL, (X{KK)*10.0D0**|SCALE(KK), KK=1, N)SHS02010
c SHS02020
LL=1 SHS02030
DO 111 K=1,NDSET SHS02040
C  LOAD TIME VECTOR FOR THE K'S DATA SET SHS02050
DO 2 L=1,NDPV(K) SHS02060
TT(L)=TH(L, K) SHS02070
2 CONTINUE SHS02080
c SHS02090
PO 9 11=1,4 SHS02100
IF(IPS(11) .EQ. 1) THEN SHS02110
XXV( 1 1)=X(11)*10.0D0%* | SCALE(11) SHS02120
ELSE SHS02130
XXV( 1 1)=PARV( 11, K) SHS02140
END IF SHS02150
9 CONTINUE SHS02160
c SHS02170
CALL HSDM(COV(K),CCONCV(K),RADPV(K),RHOPV({K),XXV(1),XXV(2) SHS02180
&, XXV(3),XXV(l), TT, YV, NDPV(K) ) $HS02190

c
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SET UP THE RESIDUAL VECTOR F

$SQV(K)=0.0D0

DO 3 L=1,NDPV(K)

YE(L, K)=YY(L)

DO 4 1D=1, IDREP(K)

IF(YM(L, ID,K) .LE. 1,1D0) THEN

FLL)=(YM(L, 1D, K)=YY(L))/¥M(L, ID, K)
WRITE{*,*) LL, F(LL)

SSQV(K)=SSQV(K)+F(LL)*F(LL)

LL=LL+1

END IF

CONT INUE

CONT I NUE

CONT I NUE

WRITE(*,1000) ICALL,(SSQV(!),1=1,NDSET)

WRITE(NDSET+1,1000) I1CALL,(SSQV(!),1=1,NDSET)

FORMAT(1X,15,6E16.6)

RETURN
END

SUBROUT INE HSDM({CO1,CCONC1,RADP1,RHOP1,XKF1,DS1,XK1,XN1,

&TT,YY,NDP)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /CTRL/ 1PRC, | PRI, | PRO, TOL, METH, MI TER
COMMON /COL/ NCP,WP(14),BP(14,14)

COMMON /PARM/ CO,QO,CCONC, DS, XKF,
&XK, XN, RADP, RHOP, B10OT, CD, TFAC

COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, | TRY
COMMON /VAR/ Y(15),NTOT

DIMENSION TT(1),YY(1)

DATA ICALL /0/

OPEN({ 31, FILE='PART.COL',STATUS="0LD")
OPEN(32, FILE="SHSDM.OUT',STATUS="NEW" )

IF(ICALL .EQ. 0) THEN
CALL INPUT
CALL INCOL

ICALL=1
END IF

C0=Co1
CCONC=CCONC1
RADP=RADP1
RHOP=RHOP1

SHS02210
SHS02220
SHS02230
SHsS022i40
SHS02250
SHS02260
SHS02270
SHS02280
SHS02290
SHS02300
SHS02310
SHS02320
SHS02330
SHS02340
SHS02350
SHS02360
SHS02370
SHS02380
SHS02390
SHS02400
SHS02410
SHS02420
SHS02430
SHSQ2440
SHS02450
SHS02u60
SHS02U470
SHS02480
SHS02490
SHS02500
SHs02510
SHS02520
SHS02530
SHS02540
SHS02550
SHS02560
SHS02570
SHS02580
SHS02590
SHS02600
SHS02610
SHS02620
SHS02630
SHS02640
SHS02650
SHS02660
SHS02670
SHS02680
SHS02690
SHS02700
SHS02710
SHS02720
SHS02730
SHSO27uU0
SHS02750

319

PAGE 00



FILE: SHSDM

CcC
cc

CcC
CG
CcC

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

XK=XK1

XN=XN1

XKF=XKF1

DS=DS1

CALL INIT

CALL CALCC(TT,YY,NDP)

RETURN

SUBROUTINE INPUT

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /CTRL/ IPRC, IPRI, 1PRO, TOL, METH, Mi TER
COMMON /COL/ NCP,WP(14),BP(14, 14)

COMMON /PARM/ CO, QO, CCONC, DS, XKF,

&XK, XN, RADP, RHOP, B1OT, CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, I TRY

COMMON /VAR/ Y(15),NTOT

OPEN( 30, FiLE="'SHSOM.CTR' ,STATUS="0LD")

REWIND (30)
READ(97,%*) 1PRC, IPRI, IPRO

PHYSICAL PARAMETER

READ(30,*) CO
READ(30,%*) CGONC
READ(30,*) DS
READ(30,%*) XKF
READ(30,%*) XK
READ(30,*) XN
READ(30,%) RADP
READ(30,#*) RHOP

CONTROL PARAMETER

READ(97,*) NCP

READ(97,%*) TOL,METH,MITER

READ(97, %) DTINIT
READ(30,%) DTOUT
READ(30,%*) TFINAL
READ(30,%*) 1TMAX

CLOSE (30)

RETURN
END

SUBROUTINE INCOL

SHS02760
SHS02770
SHS02780
SHS02790
SHS02800
SHS02810
SHS02820
SHS02830
SHS02840
SHS02850
SHS02860
SHS02870
SHS02880
SHS02890
SHS02900
SHS02910
SHS02920
SHS02930
SHS02940
SHS02950
SHS02960
SHS02970
SHS02980
SHS02990
SHS03000
SHS03010
SHS03020
SHS03030
SHSO30U0
SHS03050
SHS03060
SHS03070
SHS03080
SHS03090
SHS03100
SHS03110
SHS03120
SHS03130
SHS03140
SHS03150
SHS03160
SHS03170
SHS03180
SHS03190
SHS03200
$HS03210
SHS03220
SHS03230
SHS03240
SHS03250
SHS03260
SHS03270
SHS03280
SHS03290
SHS03300
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10

11

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

IMPLICIT DOUBLE PRECIS!ON (A-H,0-Z)

COMMON /CTRL/ |PRC, 1PRI, 1 PRO, TOL, METH, MITER
COMMON /COL/ NCP,WP(14),BP({ 1k, 14)
COMMON /PARM/ €O, Q0,CCONC, DS, XKF,
&XK, XN, RADP, RHOP, B10T, CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, | TRY
COMMON /VAR/ Y(15),NTOT

DIMENSION iDL(2)
DIMENSION DUMMY(14)

IFL1=0
IFL2=0
CONTINUE

READ(31,%*) iD
IF(I1D .EQ. 999) THEN
SOMETHING 1S WRONG

WRITE(*,*) ' REQUESTED COLLOCATION MATRIX IS NOT AVAILABLE'

STOP ' ERROR - ALL DONE '
END IF

IF(ID .EQ. NCP) THEN
IFLT=1

END IF

READ IN AND DISTRIBUTE
IF{IFLT .NE. Q) THEN

READ(31,1001) (WP(1),1=1,1D)
DO 2 1=1, 1D

READ(31,1001) (BP(},J},J=1,1D)
CONT INUE

IF(tFL1 .EQ. O) GO TO 10
IF(IFLT .EQ. 1) GO TO 11

END IF

IF(IFLY .EQ. O) THEN
READ(31,1001) (DUMMY(1),I=1,10)
DO 6 1=1,1D

READ(31,1001) (DUMMY(J),J=1,1D)
CONT INUE

GO 10 10

END IF

CONT INUE

WRITE THE MATRIXES

IF(1PRC .EQ. 1) THEN

WRITE(®*, %) ' WEIGHTS
WRITE(*,1001) (WP(1),I1=1,NCP)
WRITE({*,%) ' COLLOCATION MATRIX (8)'
DO 13 I=1,NCP

SHS03310
SHS03320
SHS03330
SHS03340
SHS03350
SHS03360
SHS03370
SHS03380
SHS03390
SHSQ3400
SHS03410
SHS03420
SHSO3430
SHSO344L0
SHS03u50
SHS03460
SHS03h70
SHS03u480
SHS03490
SHS03500
SHS03510
SHS03520
SHS03530
SHS03540
SHS03550
SHS03560
SHS03570
SHS03580
SHS03590
SHS03600
SHS03610
SHS03620
SHS03630
SHS036L0
SHS03650
SHS03660
SHS03670
SHS03680
SHS03690
SHS03700
SHS03710
SHSQ3720
SHS03730
SHS037u40
SHS03750
SHS03760
SHS03770
SHS03780
SHS03790
SHS03800
SHS03810
SHS03820
SHS03830
SHS03810
SHS03850
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WRITE(*,1001) (BP{1,J),J=1,NCP)

13 CONTINUE
END IF
c
1001 FORMAT(4D20.12)
c
RETURN
END
c -------------------------------------------
SUBROUTINE INIT
c
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
c
COMMON /CTRL/ 1PRC, IPRI, 1PRO, TOL,METH, MITER
COMMON /COL/ NCP,WP(1li),BP({14,14)
COMMON /PARM/ CO, Q0, CCONC, DS, XKF,
&XK, XN, RADP, RHOP,B10T,CD, TFAC
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, L TRY
COMMON /VAR/ Y(15),NTOT
c
NTOT=NCP+1
c
c INITIAL CONDITION FOR SOLID PHASE
c )
DO 11 I=1,NTOT-1
Y(1})=0.000
11 CONTINUE
c
c LIQUID PHASE
c
Y{NTOT}=1.000
¢ .
C  COMPUTE DEPENDENT PARAMETERS
c
QO=XK*CO**XN
c
CD=CCONC*Q0/CO
c
B1=XKF#RADP*CO
B2=DS*RHOP*Q0*1000.0D0
B10T=B1/8B2
c
TFAC=DS/{ RADP*RADP )
c
IF(IPR]1 .EQ. 1) THEN
WRITE(32,1001) CO,CCONC,CD
WRITE(32, 1001) DS
WRITE(32,1005) XKF
WRITE(32,1006) BIOT
WRITE(32,1007) RADP
WRITE( 32,1008} RHOP
WRITE(32, 1009) XK
WRITE(32,1010) XN
WRITE(32,1011) TFAC
c

SHS03860
SHS03870
SHS03880
SHS03890
SHS03900
SHS03910
SHS03920
SHS03930
SHS03940
SHS03950
SHS03960
SHS03970
SHS03980
SHS03990
SHSOK000
SHSOU010
SHSO04020
SHSOL030
SHSOLOUO
SHS04050
SHSOU060
SHSOLO070
SHSOLO080
SHSO0u090
SHSOU100
SHSO4110
SHSOL120
SHSO4130
SHSOU140
SHSOU 150
SHSOU 160
SHSOU170
SHS04180
SHSOu190
SHSQ04200
SHSOH210
SHS0h220
SHSOL230
SHSOU240
SHS04250
SHSON260
SHSO04270
SHSOLU280
SHS04290
SHSO04300
SHSO4310
SHS04320
SHSOU330
SHSOU3140
SHS04350
SHSOl360
SHSOU370
SHS0h380
sHsou390
SHSOLIO00
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C

c

Cc
1001

100h
1005
1006
1007
1008
1009
1010
1011
C
1013

cc
cC
cC

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

CONTROL PARAMETER

WRITE(32,1013) NTOT,TOL,METH,MITER,DTINIT,DTOUT, TFINAL

END IF

FORMAT STATEMENTS

FORMAT(2X, 'CO = ',E12.6,/.
&2X,'CCONC = ',E12.6,/,
&2X,'cdD = ',E12.6,/)

FORMAT(1X, 'DS = ',E12.5)

FORMAT(1X, 'XKF = ', £12.5)

FORMAT(1X,'BIOT = ',E12.5)

FORMAT(1X, 'RADP = ', E12.5)

FORMAT(1X,'RHOP = ' E12.5)

FORMAT( 1X, ' XK = ',E12.5)
FORMAT({ 1X, ' XN = ',E12.5)
FORMAT(1X,'TFAC = ' £12.5)

FORMAT( 1X, 'NTOT ="', 14,/,

& 1X,'ToL  =',E16.6,/,
& 1X,"METH =',14,/,
& 1X,"MITER =',14,/,
& 1X,'DTINIT =',E16.6,/,
& 1X,'DTOUT =',E16.6,/,
& 1X,'TFINAL =',E16.6,/,
& 1X, 'NULL')

RETURN

END

SUBROUTINE CALCC(TT,YY,NDP)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /CTRL/ IPRC, | PRI, 1PRO, TOL,METH, MI TER
COMMON /COL/ NCP,WP(1L),BP(14,14)

COMMON /PARM/ CO,Q0,CCONC, DS, XKF,
&XK, XN, RADP, RHOP, BIOT,CD, TFAC

COMMON /WORK/ DTINIT,DTOUT, TFINAL, 1 TMAX, I TRY
COMMON /VAR/ Y(15},NTOT

DIMENSION TT(1),YY(1)
DIMENSION WK(390), IWK(29)
EXTERNAL FCN, FCNJ
DO 98 KK=1,NDP
WRITE(*®,*) KK, TT(KX)
98 CONTINUE
N=NTOT

HH=DTINIT
INDEX=1

SHSOUL10
SHSOUL20
SHSOUK30
SHSQuu40
SHSOolLS0
SHSOXhLE0
SHSOLY70
SHSOUUu80
SHSOu490
SHSO04500
SHSO4510
SHSO4520
SHSOuS530
SHSOUS540
SHS0U550
SHS0u560
SHSOu570
SHSOU580
SHS04590
SHS04600
SHSO04610
SHSONh 620
SHSO"630
SHSOu640
SHS04650
SHSO4660
SHSOu670
SHSO4680
SHSOU690
SHSO4700
SHSO4710
SHSO0u720
SHSOU730
SHSOu740
SHSOU750
SHSOh760
SHSONWTT70
SHSOU780
SHS0N790
SHS0M800
SHSOu810
SHS0U820
SHSOu830
SHSOn840
SHSOU850
SHSOU860
SHSOU870
SHSQu880
SHS0u890
SHS0NM900
SHS0N910
SHSOU920
SHS0h930
SHSOU9KO
SHS04950
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cc
cc

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

T=0.000

1TRY=0
ITRYT=0
TPHYS=0.0D0
1TER=0

WRITE(*,*) ITER, ITRY, T, TPHYS, Y(NTOT)
WRITE(32,%*) ITER, ITRY, T, TPHYS,Y(NTOT)

DO 100 1P=1,NDP

I TER=1TER+1
TEND=TT(IP)*TFAC

IF(TT(IP) .LE. 0.01) THEN
YY(1P)=1.000

GO TO 100

END IF

I TRY=0
CALL DGEAR(N, FCN, FCNJ, T,HH,Y, TEND,

&TOL, METH,MITER, INDEX, 1WK, WK, 1ER)

cc
1000
cc

cc
CcC

100

ITRYT=1TRYT+ITRY
T=TEND
TPHYS=T/TFAC

WRITE(*,*) (Y(LL),LL=1,NCP)
WRITE(*,1000) ITER, ITRY,T, TPHYS, Y(NTOT)
FORMAT(1X, 15, 15, 3E16.6)

WRITE(32,#) (Y(LL),LL=1,NCP)

WRITE(32,%*) ITER, ITRY, T, TPHYS, Y(NTOT)

IF (T/TFAC .LT. TFINAL) GO TO 100
YY( IP)=Y(NTOT)

CONT INUE

WRITE(*,%) "{TRYT = ', ITRYT

WRITE(32,%) ' 999 999 999 999 999
RETURN

END

SUBROUT INE FCNJ(N,T,Y, PD)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION Y(N), PD(N,N)

RETURN
END

SUBROUTINE FCN(N,T,Y,YPRIME)

999 999'

SHS0u960
SHSO4970
SHSOu980
SHSOU990
SHS05000
SHS05010
SHS05020
SHS05030
SHS05040
SHS05050
SHS05060
SHS05070
SHS05080
SHS05090
SHS05100
SHS05110
SHS05120
SHS05130
SHS05140
SHS05150
SHS05160
SHS05170
SHS05180
SHS05190
SHS05200
SHS05210
SHS05220
SHS05230
SHS05240
SHS05250
SHS05260
SHS05270
SHS05280
SHS05290
SH1S05300
SHS05310
SHS05320
SHS05330
SHS05340
SHS05350
SHS05360
SHS05370
SHS05380
SHS05390
SHS05400
SHSO5410
SHS05420
SHSO5430
SHSO54h0
SHSO5450
SHSO5460
SHSO5470
SHS05480
SHS05490
SHS05500
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c SHS05510
IMPLICIT DOUBLE PRECISION (A-H,0-Z) SHS05520
c SHS05530
COMMON /CTRL/ 1PRC, IPRI, | PRO, TOL,METH, MI TER SHS055L0
COMMON /COL/ NCP,WP{1h),BP(14,14) SHS05550
COMMON /PARM/ CO,QO,CCONG, DS, XKF, SHS05560
&XK, XN, RADP, RHOP, B1OT, CD, TFAC SHS05570
COMMON /WORK/ DTINIT,DTOUT, TFINAL, | TMAX, I TRY SHS05580
c SHS05590
DIMENSION Y(N),YPRIME(N) SHS05600
DIMENSION BB(1L) SHS056 10
c S11S05620
ITRY=1TRY+1 SHS05630
c SHS056L0
NTOT=N SHS05650
KK=0 SHS05660
11=0 SHS05670
c SHS05680
N1CP=NCP~-1 SHS05690
c SHS05700
DO 30 J=1,NICP SHS05710
BB(J)=0.0D0 SHS05720
30 CONT!NUE SHS05730
WW=0.000 SHS05740
c SHS05750
DO 50 i=1,NICP SHS05760
Pi=114+1 SHS05770
LL=0 SHS05780
c SHS05790
DO 4O J=1,NCP SHS05800
LL=LL+1 SHS05810
BB( 1)=BB(1)+BP(1,J)*Y{LL) SHS05820
40 CONTINUE SHS05830
c SHS05840
C  MASS BALANGE INSIDE PARTICLE (EXCEPT BOUNDARY) SHS05850
c SHS05860
YPRIME( | 1)=BB(1) SHS05870
c SHS05880
WW=WWHWP ( | J¥YPRIME( 1 1) $HS05890
50 CONTINUE SHS05900
c SHS05910
c SOLID-LIQUID INTERFACE SHS05920
c SHS05930
Hi=11+1 SHS05940
cc YPRIME( 11} = ((BIOT#{Y(NTOT)~(Y{|1)*¥(1.0DO/XN)))-WW)/  SHS05950
cc &WP{NCP)) SHS05960
c SHS05970
160=0 SHS05980
C  HEAT EQ AT INTERFACE SHS05990
BSUM=0.0D0 SHS06000
DO 11 KKK=1,NCP SHS06010
BSUM=BSUM+BP({ NCP, KKK ) *Y( KKK) SHS06020
11 CONTINUE SHS06030
c SHS060H0

IF (160 .EQ. 0)

THEN SHS06050
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IF(Y(11) .LT. 1.0D-10) THEN SHS06060
cc YPRIME{11) = ((BIOT*(Y{NTOT)-Y(11})=WW)/WP{NCP)) SHS06070
cC YPRIME(11) = ((BIOT*(Y(NTOT)=~0.000)~WW)/WP{NCP)) SHS06080
YPRIME(11) = (((BIOT*{Y(NTOT)=0.0D0)-WW)/WP(NCPF))+BSUM)*0.5SHS06090

c SHS06100
ELSE SHS06110

cC YPRIME(11) = (({BIOT*{Y(NTOT)=(Y({11)**(1,0D0/XN)))-WW)/ SHS06120
XS=DEXP{ (1.0D0/XN)*DLOG(Y(11)}) SHS06130

cc WRITE(*, %) ' XS ,Y(11)",XS,Y(11) SHS06140
YPRIME(11) = (((BIOT*(Y(NTOT)=-XS)-WW)/ SHS06150
&WP(NCP) ) +BSUM)*0.500 SHS06160

END IF SHS06170

END IF SHS06180

c SHS06190
c LIQUID PHASE MASS BALANCE SHS06200
c SHS06210
YPRIME(NTOT )==3 ., 0DO*CD*( W+ SHS06220
&(YPRIME( } 1 )*WP(NCP))) SHS06230

c SHS06240
RETURN SHS06250

END SHS06260
SHS06270

SHS06280

SHS06290

SHS06300
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Subject: Program - info
Program Plug

-Description-

This program predicts the effiuent concentration profile for
a single or multicomponent Tixed bed adsorber. The mechanism incorporated
in the mathematical model include:
1-Plug Fow Homogeneous Surface Diffusion Model - Intraparticle
transport described by Surface Diffusion only.
2= Film transfer resistance at adsorbent surface.
3- Local equilibrium exists at adsorbent surface.
4- Multicomponent equilibrium described by the ideal adsorbed
solution theory (1AST).
5- The single solute isotherms are represented by the Freundlich
equation or the Myers equation.
The system of the partial differential equations are solved in the progra
by converting them to a system of ordinary differential equations using

the orthogonal collocation then integrated by the GEAR method using the
subroutine 'DGEAR',

*******************************l‘****************************N************
* The program is supplied in two files. One is calied Plug, for #
* and the other is Dgearb. for. d

WLLLi b L e P e e T T T Y VR RN T PR P P P aETs
* The fiie PLUG.FOR contains the following subroutines:

*

1- Subrnutine ORTHOG (N): This subroutine combines the collocation
constants and the dimensionless groups catculated in the main
program to save computation time.

2= Subroutine DIFFUN (N,7,Y0,YDOT): This subroutine is called by
Dgear in the integration process. It receives the values of the
dependent variabies from Dgear and returns the values of the
derivatives of the dependent variables. This continues until the
total run time is met.

3~ Subroutine OBJFUN(TD,NDATA,HNP): This subroutine calculates the
standard deviation between the predicted and experimental data,
if any is given. If no data is given this subroutine is ignored.

b- Function CINF (!,T): This function calculates the influent conc.
to the column for each component at each time interval T, If no
varying influent data is given this subroutine is ignored.

5~ Subroutine PEDERV (N,T,Y,PD,NO): This subroutine is a dummy
subprogram used by GEAR.

6~ Subroutine MYERS(C0,Qn,J): This subroutine is a search routine
for calculating the equilibrium solid phase concentration using
the Myers isotherm equation for the single sofute system.

*#############################################################ﬂ#########*

*The file DGEARB.FOR contains tha subroutines utilizing the Gear method #

*for solving a system of Tirst order ordinary differential equations, It¥

*also contains the subroutines for IAST calculations using the Myers *

*isotherm equation up to THREE COMPONENT MIXTURE. The main subrouvtines #

*for the IAST caliculations are: *

*SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS*

#IASTMC : IAST calculation if the liquid phase concentrations are known.#

*Here initial gquesses for the adsorbed phase are made. *

£ F % ¥ k ¥ k * ¥ £ kK ¥ K € * £ X % %
£ ¥ %X £ £ £ % £ ¥ ¥ F ¥ ¥ £ kX ¥ ¥ ¥k k % %
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* If program stalls change these initial guesses.

*IASTMQ: IAST calculation if the solid phase concentrations are known.
*Here initial guesses for the liquid phase concentrations are made.
* If program stalls change these initial

£ ¥ * % *x

*guesses.

HS 88885 580585558885588858555558858855855588555585585555555555$5555855$SS+

HRHERANEHRRERRRRRR R RRRRRRRRARRRR R R RN R R R R RN RERRRRERS

#-COMPILING THE PROGRAM- *
*First compile the file GEARB.FOR without linking to the fortran *
*#tibrary, then compile the file PLUG.FOR with linking to the fortran *
®library + DGEARB.0BJ *
********R***************************ﬂ************************K***********
#-EXECUTION- *
*To execute the program three sets of data must be supplied: *

¥A- The data file PLUG.DAT. This file can have any other name but the *
format must be according to the PLUG.DAT. Some notes are written at *
the top of the file and must be followed. Hereunder please find ®
some additional notes: hd
1= If experimental Ds and Kf values are supplied put under PSDFR 0.0%

othervise PSDFR has to be specified in order to use emperical *
correlations for Ds and KFf. in that case any values given for Ds *
and Kf won't be used for model calculations. *

2- The following constants are not used if experimental Kf and Ds

are given and PSDFR set to 0.0 :

a- temperature

b~ water density

c- water viscosity

d- particle pcrosity

however the above constants are important if emperical correla-
tions for Ds and Kf are to be used.

3= If NCOL = 1 print out of collocation constants are given under
unit 6, for any other value of NCOL no print out constants are
given.

4- if the number of varying influent concentration is assigned a
zero no read out will be taken from the varying influent conc.
values table.

B~ The collocation constants. These are read from two files. The files
under the name of AUCOL are the axial matrices and the files under
the name COL are the radial matrices. The number given after AUCOL
or COL is the number of axial or radial collocation points. The
following files are supplied for the axial matrices:

AUCOL6.TXT, AUCOL7.TXT, AUCOL8.TXT, AUCOL10.TXT, AUCOL 12, TXT,

AUCOL14 . TXT AND AUCOL18.TXT

The following files are supplied for the radial matrices :

COL2.TXT, COL3.TXT, COL4.TXT, COL5.TXT, COL7.TXT

* The program also writes to two output files:

* UNIT 6 - used if NCOL is set to 01 for printing out collocation

* constants and any messages given by the program to the user.

* UNIT 7 - used for the output produced by the program.

***********iﬂ*******ﬂ**********************************************#*****

# - PROGRAM DIMENSIONS -~

*The program has been dimensioned for 3 components. Any number of

*components up to 3 may be used. The program is also dimensioned For

*using up to 7 RADIAL collocation points and up to 18 AXIAL collocation

*points. It is also dimensioned to solve up to 117 equations where the

* ¥ * £ X ¥ x £ ¥ ¥ £ £ ¥ * ¥ ¥ * ¥ £ ¥ %

*
* ¥ % ¥ ¥X * ¥ ¥ * * ¥ x ¥ ¥ ¥ ¥ F¥ %

* % £ ¥ ¥ % %

*
¥ ¥ * * & * * *

*

* ® ¥ ¥
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* number of equations is given by: *
* NEQ = ((NC+1)#MC)~-1)*NCOMP g *
* where: ; ) *
* NEQ =number of equations ) *
* NG = number of radial collocation points *
* MC = number of axial colliocation points *
#  NCOMP = number of components *
* If more than 147 equations are to be solved the foliowing arrays *
* in the file DGEARB.FOR must be redimensioned according to the value of#*
* NEQ: #
* YMAX, ERROR, SAVE1, SAVE2 AND !PiV *
* Also the following array must be dimensioned according ta NEQ squared:%
* pW, *
* Hence when choosing the number of radial and axial points make sure *
* that NEQ does not exceed 147 otherwise redimensiong of DGEARB.for has #
* to be made. #
* The program is also dimensioned to read up to 75 points of varving *
* influent concentrations and 900 TIME STEPS. *

RN T 00U I A0 T 00 T 0T 0300 30 36 36 0 00 0 30 3 303 6000 0 30 30 36 9030 00030 0000 030 30 90 30 00 4 30 SR H
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#HURRXRPLUG FLOW HOMOGENEOUS SURFACE DIFFUSION Model DATA F|LER##R##KEER

N.B.:1-FOR INTEGER NUMBERS USE TWO FIGURES i.e. IF THE NUMBER 1S 0 PUT O
2-FOR THE E-SPECIFICATION FORMAT USE FIVE DECIMAL PLACES
3=1F THE FREUNDLICH ISOTHERM IS TO BE USED FOR MODEL CAL. PUT UNDER
U4-IF THE MYERS ISOTIIERM IS TO BE USED FOR MODEL CAL. PUT UNDER IS0
5-WHEN REPLACING A NUMBER I[N THE FILE MAKE SURE THE ASTERISKS ARE B

IN THEIR PLACE.
HHERHRERIERREBREAKTHROUGH CURVE FOR THE BINARY MUXTURE####3 I RIHMM1 B RN

*#HXCOLLOCATION MATRICES FILES AUCOL=AX!AL, COL=RADIAL
AUCOL10 TXT*COL2 TXT - w##

e = e e R R D e S T N = e e e T B = e e T T e e = e

Iso * Ncomp *part.radius* particle # PSDFR HH

----------- Reommcecemae-tom * porosity H---e-----o-tid

00 *03 ¥0.154 #0,6U1 *0.0 Hi#
TEMP *W.DENSITY *VICOSITY #APP.DENSITY*LENGTH #FLOW RATE #
c * g/cu cm  *g/cm.sec  #g/cu cm ¥cm #ml/min *
23.01 *0.9994 #0.01206 *0, 74 * 20.54 #104.7198 #*
DiA. * MASS OF C.*ERROR CRIT.*TIME STEP * NCOL #T_STEP AD. *
cm * grams Bomrmcncacna * min ¥ ocmemmeeee- i ik *
4.0 ¥120.0 *0.00001 #0.10000E~05%02 *60.0 *

TOTAL TIME ®*START.TIME *#1STOUT.TIME*NO.TIME CHANGED*
min * min * min hilaiiedei it *
2.88000E+04*0.0 *0.1 *02 *

19 *00 *

o = e = S e P S D = = e TP - = = = = -

DCE * TCE *PCE Hih

XWT(1) H#eomemmeeaa # emeaeocao (21
96.94 *131.39 *#165.83 ekt
DS(!) * sq cm/sec # -—--ve--- #HH

8.62920E-08%5.27500E-08%3. 3u970E-08*#+
KF(1)}  * em/sec ¥ meeeee- s
0.36667TE~02%0.43383E-02%0. 3566 TE-O2%##

MOLAL VOL *#gmol/cu cm # -=----- Ay
118.4 *140.6 *166.5 HHH
CBO(!) “*mg/L # —emenee Hia
1000.0 *1000.0 #1000.0 i
n
Freundlich K, (mmo!/g)/(mmol/L)
Fro(K(1)) #-----ww- Honoocee- b

30.5hy *159.81 * 341,301 ##w
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PLUG DATA Al
n(t) Hommeomne
0.587 #0,482
MY. H(L/g) *-----=

1.81809E+02%2.42612E+02

Mmoo naw
*0.516 ki
. raw

#1.58575E+03 44

-p

MY. K #(mmo!/g) ¥ —m-ee-o Hite

3.553 *2.1016 *#3,.6443 *H

MY. P # rocmmme- Heommmo—— L2 3

0.808 #1.,2496 *0.7476 el

vector of output time values at wvhich a new time step will be used, min
TIE(l) % ==~---- L . Hrmmwmmmm——- Hovnmmmm #mmmm e *

0.0 #6.00000E+03* * * * *

vector of new time steps for integration, min.
TINC(1) ¥ -====- Hoevommon L * eme——— Hommom— *

60.0 #300.0 * * * * *

VARYING INFLUENT CONC. VALUES

TIME #COMPONENT1 #COMPONENT2 * COMPONENT3*

min * mg/L * mg/L * mg/L *

——————————— T . L L L L T PP Ips  pEpnpmpmpspnpupmpapepsy oS et teietadetadadade il

----------- L . L L L L PR | gy | P ettt dedtkihaste b adedeed

0.0 *97.759 #100.475 *0.0 *

780.0 *97.04 *#100.575 *0.0 *

1320.0 *96.567 *99.841 *0.0 *

2170.0 *95.482 *99.187 *0.0 *

2770.2 #95.47 #98, 184 *0.0 *

36h0.2 #96.849 ¥98.47Y *¥0.0 *

§180.2 *96.961 *100.836 *0.0 *

5080.2 *94.69 *#99.104 *0.0 *

6460.2 #96.15 #99.5 *0.0 *

7669.1 *96.139 *97.243 *0.0 *

7669.2 #96.139 #97.243 #86.363 *

8628.0 *95.769 #96.656 *86.304 *

9108.0 ¥97.084 #99.006 #88.06 *

9888.0 #95.941 ¥96.764 *88.323 *

10728.0 ¥96.293 #98.701 #88.389 *

11328.0 *95.135 #97.515 *86.342 #

11928.0 #95.598 *#104, i #95.011 #

12948.0 *97.786 #102.606 #90.963 *

14388.0 *96.453 *105.116 *94 . 1453 *

HRRNREHERERRRRRERRERRERRRRRERRBS RN HRRRRRR R RRRRFRERERRHHERR AR R ER RS
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FORTRAN A1 KING FAHD UNIVERSITY OF PETROLFEUM AND MINERALS, DHAHRAN

GG SUBJECT: PROGRAM - PLUG, FOR

fLU00010
cc PLUOOC20
CcC PROGRAM PLUG PLUO0OO030
C PLUG FLOW HOMOGENEOUS SURFACE DIFFUSION MODEL PLUGOOUO
C PLUOOOS0
C....declaration block PLUO0O060
[ PLUOOOT70
IMPLICIT DOUBLE PRECISION (A-H,0-Z) PLUOO0O8O
DOUBLE PRECISION KF({3),L PLUOOOS0
CHARACTER*25 CHAR(3),FILEIN,FILEQUT, AUGOL,COL PLUOO100
CHARACTER*80 TITLE PLU0O0O110
DIMENSION YO(M0O), TDATA(75),VB(3),DS(3), PLUOG 120
+ BIS(3), TIE(3), TINC(3),XNT(3).DIFL(3),SC(3) PLUOO130
COMMON/BLOCKA/DGS(3),ST(3),EDS(3),BR(7,7) PLUOO1HO
COMMON/BLOCKB/YM(3),XNI(3),XN(3),WR(7),AZ(18,18),A1(3),A2(3)PLUOO150
+QE(3),XK(3),A3(3) PLUOO160
COMMON/BLOCKC/FMIN(3), TP(900),CP(3,900),CD(3,75),CINT(3,75) PLUOO1I70
COMMON/BLOCKD/CIN(3,75), TIN{75) PLUOO180
COMMON MC, NC, NCOMP,N1,DGT,NIN, 1S0,CBO(3) PLUOO190
DATA INDEX/1/, MF/22/, NSTEPS/900/ PLUO0200
WRITE(*,*) 'PLUG DATA' PLUO0210
READ(*,2) FILEIN PLU00220
OPEN(U, FILE=FILEIN, STATUS='0LD") PLUOO230
WRITE(*,*) ' OUT DATA® PLUQOO240
READ(*,2) FILEOUT PLUO0250
OPEN(7, FILE=FILEOUT, STATUS="NEW" ) PLU00260
C PLUO0270
C..... read in data from DATA FILE PLUCD280
C PLUO0290
READ(H&,173) TITLE PLUOO0300
READ(L4, 174) AUCOL,COL PLUQO3 10
READ(1,175) 1S0,NCOMP,RAD, EPOR, PSDFR PLU0O320
READ(U4,176) TEMP,DW,VW,RHOP,L,FLRT PLUO0330
READ(4,177) DIA,WT,EPS, DHO, NCOL,DSTEP PLUOO3LO
READ(4,178) DTOL,DTO,DOUT, NM PLUOO350
READ(Y4,179) NiN,NDATA PLUOO360
READ(4,180) (CHAR(1!), I = 1,NCOMP) PLUO0370
READ(H, 181) (XWT(t1), | = 1,NCOMP) PLUOO380
READ(Y4,182) (DS(1), | = 1,NCOMP) PLUOO390
READ(4,182) (KF(1}), 1=1,NCOMP) PLUOOLOO
READ(U,182) (VB(1), | = 1,NCOMP) PLUOON1O
READ(%4, 182) (CBO(1), | = 1,HCOMP) PLUOOUZ20
READ(L, 183) (XK(1), | = 1,NCOMP) PLUOON30
READ(U4, 182) (XN(1), | = 1,HCOMP) PLUOOLAO
READ(H4,182) (A1(1), 1=1,HCOMP) PLUOONS0
READ(4,181) (A2(1), =1, NCOHP) PLUOOLGO
READ(U4,182) (A3(1),1=1,NCOMP) PLUOOUTO
READ(4,187) (TIE(H1), 1 = 1 , NM) PLUOONSBO
READ(UL,176) (TINC(1), | = 1 , HM) PLUOOKYO
READ(N, 184) PLUOO500
tF (NIN .EQ. 0) GO TO 812 PLUO0510
DO 1 J = 1,NIN PLUODOS20
READ(H,185) TIN(J), (CIN(1,J), | = 1,NCOMP) PLUOOS30
1 CONTINUE PLUOOSHO

812 IF (NDATA .EQ. 0) GO TO 813

PLUDOS50

FAGE
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DO 3 J = 1,NDATA PLUOO560
READ(%4,185) TDATA(J}, (CD(!,J), | = 1,NCOMP) PLLUOOS70
3 CONTINUE PLU00OS580
Cc PLUQ0590
C..... read in collocation constants PLUOD600
Cc PLUQOGTO
813 OPEN({ 2, FILE=AUCOL, STATUS="'0LD") PLUO0620
OPEN( 3, FILE=COL, STATUS='0LD") FLUOD630
READ(3,*) NC PLUQO6HO
READ(3,101) (WR(J),J = 1,NC) PLUCOE50
DO 5 1 =1, NC PLUODG6E0
READ(3,101) (BR(1,J),J = 1,NC) FLU00670
5 CONTINUE PLUOOE8O
READ(2,%) MC PLUQ0690
DO 10 t = 1,MC PLUOO700
READ(2,101) (AZ(1,J),J = 1.MC) PLUOOT10
10 CONTINUE PLUO0T720
NEQ = (((NC + 1)#MC) - 1}*NCOMP PLUOOT30
c PLUOOTHO
C.cvn print out collocation constants if NCOL = 1 PLUOQ750
C..... otherwise skip to statement number 25 PLUOO760
(od PLUOOTT70
IF ( NCOL .NE. 1) GO TO 25 FLUOO780
WRITE(*,*) ' ! PLUOO790
WRITE(*,*) 'RADIAL W VECTOR' PLUOOBOO
WRITE(*,102) (WR(J),J=1,HC) PLUOOBTO
WRITE(*,%) ' ! PLU00820
WRITE(*,#) "RADIAL B MATRIX' PLUCO8B30
D0 15 | = 1,NKC PLUOOBHO
WRITE(*,102) (BR(!,J),J = 1,NC) PLUOOS8S0
15 CONTINUE PLUO0860
WRITE(®, %) ' ! PLUOOBTO
WRITE(*, #) "AXIAL A MATRIX' PLUO0B8O
DO 20 1| = 1,MC FLUOOBSO
WRITE(*,102) (AZ(1,J),J = 1,MC) PLUONQ00
20 CONTINUE PLUGO910
c PLUOOIG20
c PLUC0930
C..... calculate the fixed-hed parameters PLUOO94O
C PLUNO950
25 DO 212, | = 1, NCOMP PLUONS60
CBO( ) = CBO{1)/XWT{1i) PLUOOITO
212 CONT INUE PLUOD98O
AREA = 3.14159265UDO*DIA*DIA/U.0DO PLUCN990
BEDVOL = L*AREA PLUO1000
EBED = 1.0D0 =~ WT/{BEDVOL¥*¥RHOP) PLUO1010
EBCT = BEDVOL/FLRT PLUQ1020
TAU = BEDVOL*EBED*60.0D0/FLRT PLUCT030
SF = .21542387D0*FLRT/AREA PLUO10MO
VS = FLRT/(60.0DO*AREA) PLUD10OS0
IF{PSDFR.EQ.0.0D0) GOTO 69 PLUD10GO
RE = (2.0DO*RAD¥VS#DW)/( EBED*VW) PLUO1070
69 DO 68, | = 1 , NCOMP PLUD1080
IF(PSDFR.LE.0.0D0O) THEN PLUO1090

PSDFR=0.0D0 PLUOT100
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GOTO 68
ELSE

FLUOIIIO
PLUOT120

DIFL(1) = 13.26D-05/(((VW*100.0D0)*#1_ 14DO)*(VB(1)##5,89D0-01FLUOT1I30

SC(1) = VW/(DWHDIFL( 1))
END IF
IF (KF(1).LE.0.0DO) THEN

KF(!) = (2.4DO*VS)/((RE®* . 66D0N)*(SC(1)** 58D00))

ENDIF

IF (PSDFR.LE.0.0DO) THEN
PSDFR = 0.000

GO TO 68

ELSE

PLUQT140
PLUDT150
PLUO1160
PLUDOYITO
FLLUD1180
PLUOT190
PLUO1200
PLUC1210
PLUO1220

DS(1) = (EPOR*DIFL(1)*CBO(!)*PSDFR)/{ 1.0D+03*RIOP*XK(1)*CBO(PLU0I230
1))

ENDIF
CONTINUE

print out fixed bed parameters

WRITE(7, 143)
WRITE(*, 143)
1F{1S0.EQ.0)} THEN
WRITE(7, 188)
WRITE(*,188)

ELSE

WRITE(7, 189)
WRITE( *, 189)

END IF

PrLUOGT240
PLUO1250
PLUO1260
FLUG1270
PLUD1280
PLUD1290
PLUO1300
PLUO1310
PLUN1320
PILLUO1330
PLUO1340
FLU01350
rLUO1360
PLUO1370
PLUO1380

WRITE(7,103) NC,MC,NEQ,RAD,WT,RHOP,EPOR, L, EBED,DIA, SF, TAU.EBPLUO1390

WRITE(7,1003)DHO, DOUT, RE, TEMP, DW, VW, PSDFR

FLUO 1400

WRITE(*,103) NC,MC,NEQ,RAD,WT,RHOP,EPOR, L, EBED,DIA, SF, TAU, EBFLUOTUI0

WRITE(*, 1003 )DHO, DOUT, RE, TEMP, DW, VW, PSDFR

calculate and print out dimensionless groups

QTE=0.0D0
IF{1SO.EQ.0) THEN
DO 30 | = 1,NCOMP
QE( 1) = XK(1)*CBO( | )*¥XN( 1)
QTE = QTE + QE(I)
CONT INUE
ELSE

I F(NCOMP.EQ. 1) THEN
CALL MYERS(CBO(1),QE(1),1)
QTE=QE(1)
ELSE
IF (NCOMP.EQ.2) THEN
CALL 1ASTMC{CBO,QE,A1,A2,A3,2)
QTE=QE(1)+QE(2)
ELSE
CALL IASTMC(CBO,QE,A1,A2,A3,3)
QTE=QE( 1)+QE(2)+QE(3)
END IF
END IF
END IF

PLUO1420
PLUOTHL3O
PLUOTHYL4O
PLUOTH50
PLUOTHIE0
PLUOTHTO
PLUOTHBO
PLUO1190
PLUO 1500
FLUO1510
PLUO1520
PLUO1530
PLUO1540
PLUQ1550
PLUO1560
PLU01570
PLUD1580
PLUO1590
~LUO1600
rLUOt610
F1.U01620
PLUOT630
PLUOIGLO
FLUO1650

335
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8O 31 1=1,NCOMP " PLUO1660

DGS( i) = (RHOP*QE(1)*(1.000 - EBED)*1000.0N0)/{ EBED*CBO( | PLUO1670

EDS{1) = DS{1)*DGS(1)¥*TAU/(RAD**2,000) PLUO 1680

ST{(l) = KF{1)*(1.000 - EBED)*TAU/{ EBED*RAD) PLUO1690

BIS(§) = ST(1)/EDS(1) PLUO 1700

XNI(1) = V. ODO/XN{1}) PLUO1710

WRITE(7,104) CHAR(1),VB( 1), XWT(1),CBO( 1), XK({1),XN(1),DIFLPLUO1720

+ KF(1),DS{1),ST(1),DGS(1),BIS(I),EDS{1),SC(I)PLUOTIT730

WRITE(™, 104) CHAR(V),VB(1),XWT(1),CBO(1),XK(1),XN(1),DIFLPLUOTI7HO

+ , KF(1),0S(1),ST(1),D0GS{1),BIS(1),EDS(1),SC(1)PLUO1750

WRITE(7,190) AV(1),A2(1),A3(1) PLUO1760

WRITE(*,190) A1{1),A2{1),A3(1) PLUO1770

31 CONTINUE PLUO1780

WRITE(7,141) PLUO1790

WRITE(*, 141) PLUO1800

WRITE(7,142) (!,CHAR(!), | = 1, NCOMP) PLUO1810

WRITE(®,142) (1,CHAR(1), t = 1, NCOMP) PLUO 1820

WRITE(7,106) (1,1, I = 1 , NCOMP) PLUO1830

WRITE(*,106) (1,1, | = 1 , NCOMP) PLUO18Y40

(o PLUO1850

C..... total solute dist. parameter and bed volumes fed to column PLUO1860

c PLUDO1870

DGT = 0.0D0 PLUO1880

DO 33 | = 1,NCOMP PLUGT1890

DGT = DGT + DGS(1!) FLUO1900

33 CONTINUE PLUO1910

BVF = EBED*DGT PLUO1920

c PLUO1930

C...o calculate equilibrium adsorbent phase concentration fractionPLUQ1940

Cc PLUO1950

DO 35 | = 1,NCOMP PLUO1960

YM{(1) = QE(1)/QTE PLUO19TO

35 CONTINUE PLUO 1980

c PLUC1990

C.....call subroutine ORTHOG to combine collocation constants PLUO2000

C..... and dimensionless groups and to determine total number PLUO2010

C..... of differential equations being solved for by GEAR PLUG2020

c PLUO2030

CALL ORTHOG ( N ) PLUO2040

C PLLU02050

C..... convert independent variables to dimensionless farm PLUO206C

[ PLUO2070

TCONV = 60.0D0/(TAU*(DGT + 1,000)) PLUQ2080

TSTEP = DSTEP*TCONV PLUQ2090

TTOL = DTOL*TCONV PLU02100

TOUT = DOUT*TCONV PLUG2110

HO = DHO*TCONV PLUD2120

T0 = DTO*TCONV PLUO2130

DO ho 1 = 1,NM PLUO2110

TIE(Y) = TIE(1)*TCONV PLUD2150

TINC(1) = TINC(!)*TCONY PLUO2160

u0 CONTINUE PLUO21T70

[ PILU02180

C..... convert influent and experimental data to dimensioniess formPLU02190
[

PLU02200
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DO 50 J = 1,NDATA : PLUO2210
TDATA(J) = TDATA(J)*TCONV rLUO2220

DO 45 | = 1,NCOMP PLU02230

CD(1,J) = CD(!},J)/(CBO(I})*XWT(1}) PLUO2210

45 CONT I NUE PLU02250

50 CONTINUE PLUO2260

DO 60 J = 1,NIN PLU02270
TIN(J) = TIN{J)*TCONV PLUD2280

DO 55 | = 1,NCOMP PLUO2290

CIN{(!,J) = CIN(1,J)/(CBO(1)*XWT(1)) PLUD2300

55 CONTINUE PLUO2310

60 CONTINUE PLUO2320

c PLUO2330
C..... initialize dependent variables PLUO234O
C PLUO2350
Do65 1 =1, N PLUG2360

YOo(!) = 0.000 PLUO2370

65 CONTINUE PLUO2380

c PLUO2390
C..... loop for calling GEAR to integrate differential equations PLUO280O
C PLUG24 10
ITP =0 PLUO2U20

MA =1 PLUO2U 30

70 ITP = ITP + 1 PLUO24YKO
CALL DGEAR (N, T0,HO,YO,TOUT,EPS,MF, INDEX) FLUO2U50

DO 75 t = 1,NCOMP PLUO2L60
CP(I1,1TP) = YO(Ni*]) PLUO24T0

75 CONTINUE PLUO2480
TP{ITP) = TOUT PLUO2490

DOUT = TOUT/TCONV PLUO2500
WRITE(7,150) DOUT, TOUT*BVF, (YO(N1*1), I=1,NCOMP) PLUO2510
WRITE(*, 150) DOUT, TOUT*BVF, (YO(N1#*1), I=1,NCOMP) PLU02520

IF ( ITP .LT. NSTEPS ) THEN PLUO2530

IF ( TOUT .LT. TTOL ) THEN PLUO25U0

IF ( NM _NE. O .AND. TOUT .GE. TIE(MA) ) THEN PLU02550

TSTEP = TING(MA) PLUO2560

IF ( MA .EQ. NM ) THEN PLUO2570

NM = 0 PLUO2580

ELSE PLUO2590

MA = MA + 1 PLUD2600

ENDIF PLUB2610

ENDIF PLU02620

TOUT = TOUT + TSTEP PLUO2630

IF { TOUT .GT. TTOL ) TOUT = TTOL FLUO2610

GO TO 70 PLUO26G50

ENDIF FLUO2660

ELSE PILUO2670

IF ( TOUT .NE. TTOL ) THEN PLUN2680

WRITE(6, 108) NSTEPS, DOUT PLUD2690

GO TO 90 PLUO2700

ENDIF PLUD2T710

ENDIF PLUD2720

C PLLU02730
C..... if experimental data is given call OBJFUN to determine FMIN PLUO27HO

C..... for each component and print out results PLLU02750
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IF { NDATA .EQ. G )} GO TO 90
WRITE(7,109)
CALL OBJFUN ( TDATA,NDATA, iTP )
DO 85 1 = 1,NCOMP
WRITE(7,110)
DO 80 J = 1,NDATA
RES = ((CINT(1,J) - GD{1,J))/CD(1,J))*100.0D0
WRITE(7,111) TDATA(J)/TCONV,CD(1,J),CINT(1,J),RES

CONTINUE
WRITE(7,112) NDATA, FMIN(1)
CONT i NUE
STOP
~=~- FORMAT BLOCK =----

FORMAT (A)

FORMAT(U4F20.12)

FORMAT( 1X, 4F20.12)

FORMAT(////
+' NUMBER OF RADIAL COLLOCATION POINTS, NC... = ', 115/
+' NUMBER OF AX!AL COLLOCATION POINTS, MG.... = ', 115/
+' TOTAL NO. OF DIFFERENTIAL EQUATIONS, NEQ.. = ', 115/
+' RADIUS OF ADSORBENT PARTICLE, RAD (CM.)... = ',E15.5/
+' MASS OF ADSORBENT, WT (GRAMS)............. = ',E15.5/
+' APPARENT PARTICLE DENSITY, RHOP (GM/CM##3) = ' E15.%/
+' VOID FRACTION OF THE CARBON, EPOR (DIM.) = ',E15.5/
+" LENGTH OF BED, L (CM.).vuveivnnnnnennnnnnn = ',E15.5/
+' VOID FRACTION OF BED, EBED (DIM.)}......... = ', E15.5/
+' DIAMETER OF FIXED-BED, DIA, (CM.) ........ = ',E15,5/
+' SURFACE LOADING, SF (GPM/FT#%2). .. ........ = ',E15.5/
+' PACKED BED CONTACT TIME, TAU (SEC.)....... = ',E15.5/
+' EMPTY BED CONTACT TIME, EBCT (MIN.)....... = ',E15.5)
FORMAT(/
+' INITIAL INTEGRATION STEP, DHO (MIN.)}...... = ',E15.5/
+' INITIAL OUTPUT TIME, DOUT (MIN.}.......... = ', E15.5/
+' REYNOLDS NUMBER, RE, (DIM.) ......c.cun... = ',E15.5/
+' TEMPERATURE OF WATER, TEMP, (DEG C.) ..... = ' E15.5/
+' DENSITY OF WATER, DW, (GM/CU.CM)} ......... = ',E15.5/
+' VISCOSITY OF WATER, VW, (GM/CM-SEC) ...... = ',E15.5/
+' PORE SURFACE DIFFUSION FLUX RATIO, PSDFR . = ',E15.5/)

FORMAT(/' PARAMETERS FOR ', A20/

ux, "MOLAL VOLUME AT THE BOILING PT. (CU. CM./GMOL).
hX, "MOLECULAR WEIGHT OF COMPOUND, XWT .............
ux, ' INITIAL BULK LIQUID-PHASE CONC., (MMOL/L) ..... =
UX, ' FREUNDLICH 1S0. CAP., XK (MMOL/GM)/(L/MMOL )**XN
kX, ' FREUNDLICH ISOTHERM COMSTANT, XN, (DIM.)
ux, 'L1QUID DIFFUSIVITY, DIFL, ($Q.CM./SEC).........
uX, ' FILM TRANSFER COEFFICIENT, KF, (CM./SEC) ......
4X, 'SURFACE DITFUSION COEFFICIENT, DS, (S0.CH./SEC) =
NX, 'STANTON NUMBER, ST, (DIM.) ...vvverennnennnnnn.
uX, "SOLUTE DISTRIRUTION PARANFTER, DGS, {DIM.)

uX, *B1OT NUMBER, BiS, (DIM.)

I

i

PLU02760
PLU02770
r.uo02780
PLUO2790
PLU02800
PLUO2810
PLUO2820
FLU02830
PLUO28LO
PLU02850
PLU0O2860
PLUO2870
PLU02880
PLUO2890
PLU02900
PLUO2910
PLU02920
PLUO2930
PLUO2910
PLUO2950
PLUQ2960
PLUO29TO
PLU02980
PLUO2990
PLUO3000
PLUO30O 1O
PLUO3020
PLUO3030
FLUO3OUD
PLUQ3050
PLUO3060
PLUO30OT0
PLU0O3080O
PLUN3090
FLU03100
PLUO3110
PLU03120
PLUO3130
PLUO3TNO
PLUO3150
PLUO3160
FLU03170
PLUO3180
PLUO3190

' ET1PLUO3200
',E1FLUO3210
',E1PLU03220
', E1PLUO3230
' ,E1PLUO324O

= ', E1PLU03250

', E1TLU03260
',E1PLU03270
'L ET1PLYN3280
',E1PLUO3290
' ETPLUO3 300

338
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+ LX,'DIFFUSIVITY MODULUS, EDS, (DIM.} ...oovvvnnnnn. = ', E1PLUO3310
+ 4%, 'SCHMIDT NUMBER, SC, (DIM.) ..ovvurnnennrannnnnns = ',E1PLU03320
190 FORMAT( PLUO3330
+ 4X,"MYERS ISOTHERM GONSTANT, H, (1./G)vvucurnerennn = ', E1PLU033N0
+ UX,'MYERS !SOTHERM CONSTANT, K, (MMOL/G)®%-p.. ...... = ' E1PLV03350

+ UX,'MYERS 1SOTHERM CONSTANT, P, (DIM.) ............. = ',E1PLU03360
141 FORMAT(///20X, 'MODEL PREDICTION:',//,5X, 'COMPONENT NUMRER ', PLU03370

+"COMPOUND NAME'/) PLU0O3380
142 FORMAT(3(13X,11,13X,A20,.//)) PLU03390
106 FORMAT{1X,'TIME(min.)',3X, 'BED VOLUMES',2X,3(2X,"'c(",11,")/CPLUO3LOO
+,') PLUO3L10
150 FORMAT(1X,G12.5,2X,F10.1,4X,3(1X,F7.4)) PLUO3L20

108 FORMAT(' WARNING MORE STEPS ATTEMPTED THAN NSTEPS; TTOL NOT PLUO3430
+  'REACHED:'/6X,'NSTEPS = ',13,', AND TOUT(min) = ',F10.6) PLUO3UNO

109 FORMAT(///15X, 'MODEL PREDICTION vs DATA'//) PLUO3450
110 FORMAT(/5X, 'RESULTS FOR COMPONENT :',A20/// PLUO3L60

+ SX,'TIME(min,)',9X, 'CONC(data)"',5X, 'CONC(pred)’, PLUO3UTO

+ X, 'RESIDUAL'/) PLUO3U8O

111 FORMAT(5X,G12.3,5X,F9.4,5X,F9.4,6X,F10.5) PLUO3ASO
112 FORMAT(//5X,'FMIN BASED ON', 14, 2X, 'DATA POINTS:’, FLUO3500

+ 3X,"FMIN = ',F10.6) PLUO3510

143 FORMAT(/2X,'PLUG FLOW NOMOGENEOUS SURFACE DIFFUSION MODEL CAPLU03520
+IONS') PLUO3530

173 FORMAT(///////,A80) PLUO35UO
174 FORMAT(//,2(A11,1X)) PLUO3550
175 FORMAT(///,2(12,10X),3(G11.5,1X)) PLUG3560
176 FORMAT(///,6(G11.5,1X)) PLUO3570
177 FORMAT(///,4(G11.5,1X),12,10X,G11.5, 1X} PLUO3580
178 FORMAT(///,3(G11.5,1X), 12,10X) PLUO3590
179 FORMAT(//,2(12,22X)) PLUO3600
180 FORMAT(//,2(A11,1X),All4, 1X) PLUO3610
181 FORMAT(///,3(G11.5,1X)) PLUO3620
182 FORMAT(//,3(G11.5,1X)) PLU03630
183 FORMAT(////,3(G11.5,1X)} PLUO36HO
184 FORMAT(//////) PLUO3650
185 FORMAT(H(G11.5,1X)) rLUD3660
187 FORMAT(///,6(G11.5,1X)) PLUO3670
188 FORMAT(/' MODEL CALCULATION USING THE FREUNDLICH EQUATION')PLUQ3680
189 TORMAT(/' MODEL CALCULATION USING THE MYERS EQUATION') PLUO3690
END PLUO3700

C PLUO3T10
c PLUO3720
C  mmeeeemmeececmeecnee o PLU0O3730
c [ END OF MAIN PROGRAM | PLUN3THO
C  emeeeeeecccemcmceeeee FLUO3750
c PLUO3760
c PLU03770
c PLUO3780
SUBROUT INE ORTHOG ( N ) PLUO3790

IMPLICIT DOUBLE PREGISION (A-H,0-7Z) PLUO3800
COMMON/BLOCKA/DGS(3),ST(3),EDS(3),BR(7,7) PLUO3BTO
COMMON/BLOCKE/STD(3),BEDS(3,7.7),DGI(3),MND,ND,MD, DG1 FLUO3820
COMMON MC, NC, NCOMP,N1,DGT,NIN, 150, CBO(3) PLUO3830
DIMENSION EDD(3) PLUO38HO

ND = NC - 1 PLUO3850
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MD = MC - 1 PLUO3B60
MND = MC*ND PLUO3STO
N1 = MND + MC + MD FLU03880
N = NI*NCOMP PLUO3B90
DO 30 | = 1,NCOMP PLUO3900
DG1 = 1.0D0 + DGT PLUO3910
DGI(1) = 1.0D0/DGS({1) PLU03920
STD(1) = ST(!)*DG1 PLU03930
EDD( 1) = DGI*DGI(1)*EDS(!) PLUD39HO
DO 20 J = 1,ND PLUD3950
DO 10 K = 1,NC PLUG3960
BEDS(1,J,K) = EDD{i)*BR(J,K) PLUO3970
10 CONT INUE PLU03980
20 CONT INUE PLUO3990
30 CONTINUE PLUOKOOO
RETURN PLUOLOTO
END PLUOLO20
c PLUOK030
c PLUONONKO
€ emmmmemeemeseccccem e PLUOKOS0
c | END OF SUBROUTINE ORTHOG | PLUOLO60
o S T T PLUOKOTO
c PLUDLOBO
c PLUOHO90
c PLUOL 100
SUBROUTINE DIFFUN ( N,T,YO,YDOT ) PLUONTI0
IMPLICIT DOUBLE PRECISION (A-Hl,0-Z) PLUON120
DIMENSION YO(1),YDOT(1),WW(18),AAU(18),BB(7,18),CS(3,18), PLUON130
+ 21(3),2Z(3),CSS(3),Q0(3),CBS(3,18),2(3,18) PLUOL 140
COMMON/BLOCKA/DGS(3), ST(3),EDS(3),BR(7,7) PLUON 150
COMMON/BLOCKB/YM(3)},XNI(3),XN(3),WR(7),AZ({18,18),A1(3),A2(3)PLUOH160
+QE(3),XK(3),A3(3) PLUOL 170
COMMON/BLOCKE/STD(3)},BEDS(3,7,7),DGI(3),MND, ND,MD, DG1 PLUOL 180
COMMON MC, NC, NCOMP,N1,DGT, KIN, IS0, CRO(3) PLUON190
DO 15 K = 1,MC PLUCL200
QTE = 0.0D0 PLUOL210
QTO0 = 0.0D0 PLUOU220
KK = MND + K PLUO4230
IF(1S0.EQ.1) GOTO 12 PLUOL2L0
DO 5 | = 1,NCOMP PLUOU250
11 = KK + (1-1)%N1 PLUOU260
ZA(1) =YM{1)*YO(I1) PLUOL2TO
QTE = QTE + Z1(1) PLUOL280
QTo = QTO + XNI(1)*Z1(1) PLUDN290
5  CONTINUE PLUOA300
DO 10 | = 1,NCOMP PLUOL3 10
IF ( QTE .LE. 0.0D0 .OR. QTO .LE. 0.0D0 ) THEN PLUON 320
CS(1,K) = 0.0D0 PLUOL 330
ELSE PLUOL 310
Z1(1} = Z1(1}/qTE PLUOL350
QO( 1) = QTO*XN(1)/YM()) PLUDN 360
IF { XNI(1)*DLOG10(QO(1}) .LT. -20.0D0 )} THEN PLUOU3T0
cs(1,K) = 0.0D0 PLUON 380
ELSE PLUOH390

CS(1,K) = Z1(1) * QO(I)**XNi(})

PLUOLIOO

340
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ENDIF
ENDIF
CONTINUE
GOTO 15
DO 6 1=1,NCOMP
Pi=KK+( 1-1)*N1
Z(1,K)=(QE(1))*vOo(11)
CONTINUE
IF(Z(1,K)}.LE.0.0DO)} THEN
CS(1,K)=0.0D0
CS(2,K)=0.0D0
CS(3,K)=0.0D0
ELSE

IF(Z(2,K).LE.0.0D0O.AND.Z(1,K).GT.0.000) THEN

PLUCLH1O
rLUOYL20
pLUOLL 3O
PLUORDLO
rLUONLS50
PLUONLED
PLUOLMTO
PLUOhLBO
PLUOLNL IO
PLUONKS00
PLUOAS10
PLUOL520
PLUOLS530
PLUOWS5L0

CS(1,K)=((Z(1,K)/AT( 1) )*DEXP(A2(1)*Z(1, K)**A3(1)))/CBO(1)PLUOK550

€S(2,K)=0.000
CS(3,K)=0.0D0
ELSE

VF(Z(1,K).GT.0.0BO.AND.Z(2,K).GT.0.0D0.AND.

Z(3,K).LE.0.0D0) THEN
ZZ(1)=Z{1,K)
ZZ(2)=2Z(2,K)

CALL IASTMQ(CSS,2Z,A1,A2,A3,2)
CS(1,K)=CSS(1)/CBO( 1)
CS(2,K)=CSS(2)/CBO(2)
CS(3,K)=0.0D0

ELSE

z7(1)=Z(1,K)
ZZ(2)=Z(2,K)
ZZ(3)=Z(3,K)

CALL IASTMQ(CSS,ZZ,A1,A2,A3,3)
CS(1,K)=CSS(1)/CBO(1)
€S(2,K)=CSS(2)/CBO(2)
CS(3,K)=CSS(3)/CBO(3)

ENDIF
ENDIF

ENDIF

CONT INUE

DO 60 | = 1,NCOMP
o= (1-1)*N1
tHE = 11 + MND
1iit = 11 + MD

'F ( NIN _EQ. O ) THEN
CINFL = 1.0D0
ELSE
CINFL = CINF(I,T)
ENDIF
DO 20 K = 2,MC

IF ( CS{1,%) .LE. 0.0D0 ) THEN
STD(I)*YD(i1t1 + K)

cBS(1,K)
FLSE

CBS(I,K) = STD{!)¥(YO(I!1l + K) ~ CS(I,K))

ENDIF
CONT INUE
DO 40 K = 1,MC

PLUOWS560
PLUOU5T0
PLUORS580
PLUOWS90
PLUOLG00
PLUOUG 10
PLUOLG20
PLUOUG630
PLUOUGIO
PLUONE50
FLUOL660
PLUOUG70
PLUOUGSBO
PLUQY690
PLUOUTOO
PLUOUTIO
PLUOLT20
PLUOL730
PLUOLTLO
PLUOUTS50
PLUOUT60
PLUOLTTO
PLUOL4TBO
PLUOLT90
PLUOL4BOO
PLUOKB10
PLUO%820
PLUOU830
PLUOKBYUO
PLUOLBS50
PLUOUBGO
PLUOLBTO
PLUOLSBSBO
PLUOU8B90
PLUOKI00
PLUOU910
PLUON920
PLUOMI30
PLUOL94O
PLUOLIS50
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OO0

OO OO0

WW({K) = 0.0D0
AAU(K) = 0.0D0
KK = 11 + (K-1)%ND
DO 30 J = 1,ND
BB(J,K) = 0.0D0
DO 25 M = t,ND
BB(J,K) = BB(J,K) +BEDS{1,J,M)*YO{KK + M)
25 CONT I NUE
BB(J,K) = BR({J,K) +BEDS(!,J,NC)*YO( 11l + K)
30 CONTINUE
DO 35 J = 1,ND
JJ = KK + J

..... Intraparticie Phase Mass Balance(excluding boundary)
YDOT(JJ) = BB(J,K)
WH{K) = WW(K) + WR(J)*YDOT(JJ)

35 CONT INUE
4o CONTINUE

..... Liquid-Solid Boundary Layer Mass Balance at column entrance

YOOT(111+1) = (STD(1)*DGI(1)*{(GINFL = CS(1,1))
+ = WW(1}) / WR(NC)

DO 55 K = 2,MC
..... Liquid-Solid Boundary Layer Mass Balance within column
YDOT(111+K) = (CBS(I,K)*DGI(I) = WW(K)) / WR(NC)
DO 50 M = 2,MC

AAU(K) = AAU(K) + AZ(K,MI*YO(LL]1+M)
50 CONTINUE

..... Liquid Phase Mass Balance

YOOT(1111+K) = -DGI*(AZ(K,1)*CINFL + AAU(K))
+ = 3.000%CBS(!,K)

55 CONT I NUE
60 CONTINUE
RETURN
END

SUBROUTINE OBJFUN ( TD,NDATA,NP )
IMPLICIT DOUBLE PRECISION {A-H,0-Z)
DIMENSION TD(1)

PLUOUO60
PLUOU970
PLUOW9BO
PLUON990
PLUOS000
PLUOS010
PLU05020
PLUOS030
PLUO5040
PLUO5050
PLLUOS060
PLUOS070
PLUOS080
PLUO5090
FLUOS5100
PLUO5110
PLUD5120
PLUO5130
PLUOS 140
PLUO5150
PLUO5160
PLUQS5170
PLUO5180
PLUOS190
PLUOS200
PLUOS210
PLUOS220
PLUO5230
PLUOS200
PLUOS250
PLUO5260
PLUOS270
PLU05280
PLUOS290
PLU05300
PLUO5310
PLUOS320
PLUO5330
PLUOS3H0
PLUO5350
PLUO5360
PLUO5370
PLUOS380
FLUOS5390
PLUOS400
PLUOSH10
PLUOS4L20
PLUOSH30
PLUOSHLO
PLUOSH50
PLUOSU460
PLUOSLTO
PLUO5I80
PLUGSI90
PLUOS500
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COMMON/BL.OCKC/ FMIN(3),TP(900),CP(3,900),CD(3,75),CINT(3,75)PLUO5510

COMMON MC,NC,NCOMP,N1,DGT,NIN, I SO, CB0O(3) PLU05520
DO 15 K = 1,NCOMP PLUO5530
FMIN(K) = 0.0D0 PLUO5540
NPT = NP - 1 PLUOS550

DO 10 J = 1,NDATA PFLUO5560
D05t = 1,NP1 PLUO5570

IF( TD(J) .LT. TP(1)} .OR. TD(J) .GT. TP(1+1) ) GO TPLUOSS80
CAP = CP(K, 1) + ({(TD(J)-TP(1))/(TP(1+1)-TP(1)))*  PLUO5590

+ (CP(K, 1+1)-CP(K, 1)) PLUO5600
CINT(K,J) = CAP PLUO5610

FMIN(K) = FMIN{K) + ({(CAP-CD{K,J))/CD(K,J))**2.0D0 PLU05620

GO TO 10 PLU05630

5 CONT I NUE PLUCS640
10 CONT INUE PLUO5650
15 CONTINUE PLUO5660
DO 20 K = 1,NCOMP PLUO5670
FMIN(K) = SQRT(FMIN{K)/FLOAT(NDATA-1))*100.0D0 PLUO5680

20 CONTINUE PLUO5690
RETURN PLUGS700
END PLUO5710
PLUOS720

---------------------------- PLUO5730

| END OF SUBROUTINE OBJFUN | PLUOSTHO
---------------------------- PLUOS750

PLUO5760

PLUOS 770

PLUOS780

FUNCTION GINF(1,T) PLUOST90

IMPLICIT DOUBLE PRECISION (A-H,0-Z) PLUOS800
COMMON/BLOCKD/CIN(3,75), TIN(75) PLUO5810
COMMON MC, NC, NCOMP, N1, DGT, NIN, 1 SO, CBO( 3) PLUO5820

IF (T ,LE. TIN(1) ) THEN PLUO5830
CINF = 1.0D0 PLUO5840

ELSE IF (T .GE. TIN(NIN) ) THEN PLUO5850
CINF = CIN(I,NIN) PLUO5860

ELSE PLUOS8T0
J=1 PLUO5880

10 J=J+1 PLUOS890
IF(T .GE. TIN(J-1) .AND. T .LE. TIN(J) ) THEN PLU05900

CINF = CIN(1,J=1) + (CIN(1,J)=CIN(1,J=1))*(T-TIN(J-PLUO5910

+ (TIR(J)-TIN(I-1)) PLU05920
ELSE IF (J .LT. NIN ) THEN PLU05930

Go TO 10 PLUOS940

ENDIF PLU0O5950

ENDIF PLUO5960
RETURN PLUO5970
END PLUO5980
SUBROUT INE PEDERV ( N,T,Y,PD,NO ) PLUO5990

IMPLICIT DOUBLE PREGISION {A-H,0-7Z) PLU06000
RETURN PLU06010
END PLU06020
PLU0O6030

---------------------------- PLUOGOHO
c | END OF SUBROUTINE PEDERV | PLU06050

OO0 00

]

(2]
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SUBROUTINE MYERS(CO,Q0,J)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
COMMON MC, NC, NCOMP,N1,DGT, NIN, 150,CBO(3)

PLUOG0GO
PLUOGO70
PLUO6080
PLUO6090
PLUO6100

COMMON/BLOCKB/YM(3),XN1(3),XN{3),WR(7),AZ(18,18),A1(3),A2(3)PLUO6110

+QE(3),XK(3),A3(3)
DIMENSION A(3)
G0TO(20,30) J
A(1)=A1(1)
A(2)=A2(1)
A(3)=A3(1)

GOTO 1o
A(1)=A1(2)
A(2)=A2(2)
A(3)=A3(2)
EPSMY=1D-10
QE0=0. 1

1TRY=0

CONTINVE
ARG=A(2)*QEO**A( 3)
F=CO-QEO/A( 1) *DEXP(ARG)

FP==(2.0DO*DEXP{ ARG ) +QEO*A(2)*A(3 ) *QEO**(A(3)-1.0))

FSTEP=F/FP

| F(DABS(F/QEO).GT.EPSMY) THEN
QE1=QEO-FSTEP

IF(QET.LT.0.0) THEN
QEO=QEO0*0,5D0

GOTO 100

ENDIF

QEO=QE1

GOTO 100

ENDIF

Q0=QE1
CE=QET/A(1)*DEXP(A(2)*QE1#*A(3))
RETURN

END

PLUO6120
PLUOG6130
PLUOG 140
PLUD6150
PLUG6160
PLUO6170
PLUO6180
PLU06190
PLU06200
PLUOE210
PLU06220
PLU06230
PLUO62UO
PLU06250
PLU06260
PLU06270
PLU06280
PLU06290
PLUOG300
PLU06310
PLUO06320
PLU06330
PLUO63LO
PLU06350
PLU06360
PLUO63T0
PLU06380
PLU06390
PLUO64OO
PLUOGU10
PLIIO6420
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SUBROUTINE DGEAR (N, TO,HQ,YO, TOUT, EPS,MF, INDEX)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER N,MF, INDEX

INTEGER NC,MFC, KFLAG, JSTART, IPIV, NSQ, NQUSED, NSTEP, NFE, NJE

INTEGER LOUT, I, NO, NHCUT, KGO
DOUBLE PRECISION T0,HO0, YO0, TOUT,EPS

DOUBLE PRECISION T,H,HMIN, HMAX, EPSC, UROUND, YMAX, ERROR, SAVE 1
DOUBLE PRECISION SAVE2, PW, EPSJ,HUSED

DOUBLE PRECISION Y,TOUTP,AY!,D

NGEOOO010
DGE00020
DGEO0030
DGEOOOLO
DGEO0050
DGEQO060
DGEOOO070
DGEOCO080
DGED0090

COMMON /GEAR1/ T,H,HMIN, HMAX, EPSC, UROGUND, NC, MFC, KFLAG, JSTARTDGEOO 100

COMMON /GEAR2/ YMAX(147)
COMMON /GEAR3/ ERROR(147)
COMMON /GEARW/ SAVE1(147)
COMMON /GEARS/ SAVE2(147)
COMMON /GEAR6/ PW({21609)
COMMON /GEAR7/ 1PIV(147)
COMMON /GEAR8/ EPSJ,NSQ

COMMON /GEAR9/ HUSED, NQUSED, NSTEP,NFE,NJE

DIMENSION YO(N)

DIMENSION Y(147,6)

DATA LOUT/6/

IF (INDEX.EQ.0) GO TO 20

IF (INDEX.EQ.2) GO TO 25

IF (INDEX.EQ.~-1) GO TO 30
IF (INDEX.EQ.3) GO TO 4O

IF (INDEX.NE.1) GO TO 430
IF (EPS.LE.0.0D0) GO TO 40O
IF (N.LE.O) GO TO §10

IF ({(TO-TOUT)*HO.GE.0.0D0) GO TO 420

UROUND=. 10842D~-18
DO 10 I=1,N
YMAX( 1)=ABS(YO(1))

IF (YMAX(1).EQ.0.0D0) YMAX{)=1.0D0

Y(1,1)=Yo(1)

NC=N

T=T0

H=H0

IF ((T+H).EQ.T) WRITE (LOUT,15)
HMIN=ABS(HO)

HMAX=ABS( TO~TOUT )*10. 0DO
EPSC=EPS

MFC=MF

JSTART=0

NO=N

NSQ=NO*NO

EPSJ=SQRT( UROUND)

NHCUT=0

GO TO 50

HMAX=ABS{ TOUT-TOUTP }*10. 000

GO TO 80

IIMAX=ABS( TOUT-TOUTP)*10.0D0

IF ((T-TOUT)*H.GE.0.0D0) GO TO 500
GO 10 85

IF ({(T-TOUT)*H.GE.0.0DC)} GO TO iK0o

DGEOO110
DGE00120
DGEQO130
DGEOO140
DGEO0150
DGE00160
DGEOO170
DGECO180
DGE00190
DGEQ0200
DGEO0210
DGE00220
DGE00230
DGEOQ240
DGE0O250
DGE00260
DGE00270
DGE00280
DGE00290
DGEO0300
DGEOO0310
DGEQ0320
DGE00330
DGEOOQ340
DGEOO0350
DGE00360
DGE00370
DGE00380
DGE00390
DGEOOL00
DGEQOU10
DGEOOY420
DGEOO430
DGEOOLLO
DGEQOL50
DGEOOU60
DGEQO470
DGEOOLS8O
DGEOO4USO
DGENO0500
DGEOO510
DGE00520
DGE00530
DGEOO540
DGEQO0550
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JSTART=-1
NC=N
EPSC=EPS
MFC=MF

IF ((T+H).EQ.T) WRITE (LOUT,15)
CALL NGE002 (Y,NO)

KGO=1-KFLAG
GO T0 (60,100,200,300), KGO

C KFLAG = o0, -1, =2, -3

60

70

80

85

100
110

150

200

250

300

CONT INUE
0=0.000
DO 70 1=t1,N
AYI=ABS(Y(1,1))
YMAX( | )=DMAX1( YMAX({ | },AY1)
D=D+{AYI/YMAX( | } }*#2
D=D*{ UROUND/EPS ) **2
1F (D.GT.FLOAT(N)) GO TO 250
IF (INDEX.EQ.3) GO TO 500
IF (INDEX.EQ.2) GO TO 85
'F ((T-TOUT)*H.LT.0.0D0) GO TO k0
CALL INTERP
CALL NGEOO1 {TOUT,Y,KO,YO0)
GO TO 520

IF {(({T+H)-TOUT)*H.LE.0.0DO) GO TO 40

IF (ABS(T-TOUT).LE. 100.0D0*UROUND*HMAX) GO TO 500

IF ((T-TOUT)*H.GE.0.0D0) GO TO 500
H=( TOUT-T)*{ 1.0D0-4.0DO*UROUND)
JSTART=-1

GO TO 10

WRITE (LOUT,105) T

IF (NHCUT.EQ.10) GO TO 150
NHCUT=KHCUT+1

HMIN=HMIN*. 10D0

H=H*_ 1000

WRITE (LOUT,115) H

JSTART=~1

GO TO Ko

WRITE (LOUT,155)
GO TO 500

WRITE (LOUT,205) T,H
GO TO 500

WRITE (LOUT,255) T
KFLAG=-2
GO TO 500

WRITE (LOUT,305) T
GO TO 110

DGE0Q560
DGEQO0570
DGEC0580
DGE00590
DGEQ0600
DGE00610
DGE00620
DGE00630
DGEOQ6MO0
DGE00650
DGEC0660
DGEO0670
DGE0C680
DGE00690
DGEOO700
DGEQO710
DGEOQO720
DGE0OO0730
DGEOO740
DGEOO750
DGEO0O760
DGEOO770
DGE00780
DGE0O790
DGEOO800
DGE00810
DGE00820
DGE00830
DGEOO840
DGEC0850
DGE00860
DGE00870
DGEOO0880
DGE00890
DGE00900
DGE00910
DGE00920
DGE0C0930
DGEOO9U40
DGE00950
DGEO0960
DGEO0970
DGE00980
DGEO0990
DGEO1000
DGEO1010
DGE01020
DGEO1030
DGEO1040
DGEO1050
DGEO1060
DGEO1070
DGEO1080
DGEO1090
DGEN1100
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C

C THIS S CALLED BY "GEAR".

C

kOO WRITE (LOUT,u05)
INDEX="-4
RETURN

B10 WRITE (LOUT,415)
INDEX="-1
RETURN

420 WRITE (LOUT,H425)
INDEX==-
RETURN

430 WRITE (LOUT,h35) INDEX

INDEX="-4
RETURN

4H0 WRITE (LOUT,445) T,TOUT,H

CALL NGEOO!1 (TOUT,Y,NO,YO0)

INDEX=-5
RETURN

500 TOUT=T
DO 510 I=1,N

510  Yo{1)=Y(I,1)

520 INDEX=KFLAG
TOUTP=TOUT
HO=HUSED
IF (KFLAG.NE.O) HO=H
RETURN

15 FORMAT (35H WARNING. .

105 FORMAT (//35H KFLAG = -1 FROM INTEGRATOR AT T = ,E16.8/39H

CALL INTERP

T+ H=T ON NEXT STEP.)

TTEST FAILED WITH DABS(H) =

1TRIED//)

HHIN/)
115 FORMAT (24 H HAS BEEN REDUCED TO ,E16.8,26H

DGEO1110
DGEO1120
DGEO1130
DGEO1140
DGEO1150
DGEO1160
DGEO1170
DGEO1180
DGEO1190
DGE01200
DGED1210
DGEO1220
DGEQ1230
DGEO1240
DGE0 1250
DGE01260
DGE01270
DGEO1280
DGE01290
DGEO1300
DGEO1310
DGE01320
DGEO1330
DGEO1340
DGE01350
DGE01360
DGEO1370
DGE(Q1380
DGEO1390
DGEO1400
DGEO1410
DGEO1420
DGEO1430
DGEQ 1440

AND STEP WiLLDGEO1450

DGEO 1460

155 FORMAT (//44H PROBLEM APPEARS UNSOLVABLE WITH GIVEN INPUT//)DGEO14T0

205 FORMAT (//35H KFLAG = -2 FROM INTEGRATOR AT T = ,E16.8,5H

HDGEO 1480

1.8/52H THE REQUESTED ERROR 1S SMALLER THAN CAN BE HANDLED//DGEO1490
255 FORMAT (//37H INTEGRATION HALTED BY DRIVER AT T = ,E16.8/56HDGE01500
1TOO0 SMALL TO BE ATTAINED FOR THE MACHINE PRECISION/)

305 FORMAT (//35H KFLAG = -3 FROM INTEGRATOR AT T = ,E16.8/15H

1TOR CONVERGENCE COULD
405 FORMAT (//28H 1LLEGAL
415 FORMAT (//25H ILLEGAL
425 FORMAT (//36H ILLEGAL
435 FTORMAT (//2HH I1LLEGAL
U445 FORMAT (//u4H INDEX =

NOT BE ACHIEVED/)

INPUT

.. EPS .LE. 0.//)
INPUT..

INPUT. .
INPUT..

N .LE. 0//)
(TO-TOUT)*H .GE. 0.//)
INDEX =,15//)

DGEO1510
DGEQ1520
DGE0O1530
DGEO 1540
DGE01550
DGEO1560
DGEQ1570

=1 ON INPUT WITH (T-TOUT)*H .GE. 0./WHDGE0O1580

116.8,9H  TOUT =,E16.8,6M1

END

H =,E16.8/4tH INTERPOLATION WAS DGE0O1590
2S5 ON NORMAL RETURN./41H DESIRED PARAMETER CHANGES WERE NOT MDGEO1600

SUBROUTINE NGE0OO1 (TOUT,Y,NO,Y0)

DGED1610
DGE0 1620
DGEO1630

IT WAS "INTERP" IN THE DISTRIBUTED VEDGEO1640

DGEN1650

347
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IMPLICIT DOUBLE PRECISION (A-H,0-Z) DGE01660
INTEGER NO, N, | DUMMY, JSTART, I, L,J DGEO1670
DOUBLE PRECISION TOUT,Y,Y0,T,H,DUMMY,S, St DGEO1680
COMMON /GEAR1/ T,H,DUMMY(&),N, IDUMMY(2),JSTART DGEO1690
DIMENSION YO(NO), Y(NO,6) DGEO1700
DO 10 i=1,N DGEO1710

10 YO(t)=Y(1,1) DGEO1720
L=JSTART+1 DGEO1730
S=(TOUT-T)/H DGEO1740
$1=1.000 DGED1750
DO 30 J=2,L DGEO1760

S1=S1%S DGEO1770
DO 20 I=1,N DGEQ1780

20 YO(1)=YO(1)+S1*Y(1,J) DGEO1790

30  CONTINUE DGEO1800
RETURN DGEO1810
END DGE01820
SUBROUTINE NGE002 (Y,NO) DGEO1830
IMPLICIT DOUBLE PRECISION (A-H,0-Z) NGEO1840

c DGEO1850
INTEGER NO,N,MF, KFLAG, JSTART, | P1V, NQUSED, NSTEP, NFE, NJE DGED1860
INTEGER |,METH,MITER,NQ, L, iDOUB, MFOLD, NOLD, IRET,MEG, MIO, IWEVDGEO1870

1DER, LMAX, 1REDO, J, NSTEPJ, J1,J2, M, I ER, NEWQ DGE01880
DOUBLE PRECISION Y, T,H,HMIN, HMAX, EPS, UROUND, YMAX, ERROR, SAVE1DGE0 1890
DOUBLE PRECISION SAVE2, PW, HUSED DGEO1900

DOUBLE PRECISION EL,OLDLO, TOLD,RMAX, RC, CRATE, EPSOLD, HOLD, FN, DGEO1910
1E, EUP, BND, RH,R1, CON, R, HLO, RO, D, PHLO, PR3, D1, ENQ3, ENQ2, PR2, PR1DGED1920

DOUBLE PRECISION TQ DGE01930
COMMON /GEAR1/ T,H,HMIN, HMAX, EPS, UROUND, N, MF, KFLAG, JSTART  DGEO1940
COMMON /GEAR2/ YMAX(147) DGE01950
COMMON /GEAR3/ ERROR(147) DGE01960
COMMON /GEARH/ SAVE1(147) DGEQ1970
COMMON /GEARS/ SAVE2(147) DGE01980
COMMON /GEARG/ PW(21609) DGE01990
COMMON /GEART/ 1PIV(147) DGEQ2000
COMMON /GEAR9/ HUSED, NQUSED, NSTEP, NFE, NJE DGEG2010
DIMENSION Y(NO,6) DGE02020
DIMENSION EL(13), TQ(H) DGE02030
DATA EL(2)/1.000/,0LDLO/1.0D0/ DGE02040
KFLAG=0 DGE02050
TOLD=T DGE02060
If (JSTART.GT.0) GO TO 200 DGE02070
IF (JSTART.NE.0) GO TO 120 DGE02080
CALL DIFFUN (N,T,Y,SAVE1) DGE02090
DO 110 I=1,N DGE02100

110 Y(1,2)=H*SAVE1(1) DGE0O2110
METH=MF/10 DGE02120
M1TER=MF -10#METH DGE02130
NQ=1 DGE02110
L=2 DGE02150
1D0UB=3 DGEG2160
RMAX=1. D+l DGEQ2170
RC=0.0D0 DGE02180
CRATE=1.0D0 DGE02190

EPSOID=EPS DGE02200
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HOLD=H DGE02210
MFOLD=MF DGE02220
NOLD=N DGE02230
NSTEP=0 DGEQ2210
NSTEPJ=0 BGE02250
NFE=1 DGE02260
NJE=0 DGE02270
IRET=1 DGE02280
GO TO 130 DGE02290

120 IF (MF.EQ.MFOLD) GO TO 150 DGE02300
MEO=METH DGE02310
MI0O=MITER DGE02320
METH=MF/10 DGE02330
MITER=MF -10*METH DGE02340
MEOLD=NF DGE02350
iF (MITER.NE.MIO) IWEVAL=MITER DGEO2360
If (METH.EQ.MEO) GO TO 150 DGE02370
1DOUB=L+1 DGE02380
IRET=1 DGE02390

130 CALL NGEGO3 (METH,NQ,EL, TQ, MAXDER) DGE02400
LMAX=MAXDER+1 DGEO24 10
RC=RC*EL(1)/0LDLO DGEO2:20
OLDLO=EL(1) DGEO2:30

140 FN=FLOAT(N) DGEO2N40
EDN=FN*({ DBLE( TQ( 1) ) *EPS ) **2 DGE02150
E=FN*(DBLE(TQ(2) ) *EPS)*#2 DGEO2460
EUP=FN*(DBLE(TQ( 3) ) *EPS ) ##2 DGEO2470
BND=FN*(DBLE( TQ(4) ) *EPS ) #*2 DGEO2u80
GO TO (160,170,200), IRET DGEO2490

150 IF ((EPS.EQ.EPSOLD).AND.(N.EQ.NOLD)) GO TO 160 DGE02500
EPSOLD=EPS DGED2510
NOLD=N DGE02520
IRET=1 DGE02530
GO TO 140 DGE02540

160 IF (H.EQ.HOLD) GO TO 200 DGE02550
RH=H/HOLD DGE02560
H=HOLD DGE02570
IREDO=3 DGE02580
GO TO 175 DGE02590

170 RH=DMAX1(RH, HMIN/ABS(H)) DGE02600

175 RH=DMIN1(RH, HMAX/ABS(H} , RMAX) DGE02610
R1=1.0D0 DGE02620
DO 180 J=2,L DGEO2630

R1=R1#RH DGE026M0
DO 180 I=1,N DGE02650

180 Y(1,J)=Y(1,J)*R1 DGE02660
H=H*RH NGE02670
RC=RC*RH DGE02680
1DOUB=L+1 DGED2690
IF (IREDO.EQ.0) GO TO 690 DGE02700

200 IF (ABS(RC-1.0D0).GT.0.30D0) IWEVAL=MITER DGE02710
IF (NSTEP.GE.NSTEPJ+20) IWEVAL=MITER DGED2720
T=T+H DGEO2730
DO 210 Ji=1,NQ DGEG2740

DO 210 J2=J1,NQ DGEO2750
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210
220
230

240
250

260

270

280

290

320
330
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J=(NQ+J1)-J2
DO 210 I=1,N
Y{1,J)=Y(1,3)14Y( 1, 0+1)

DO 230 I=1,N
ERROR( | )=0.0D0

M=0

CALL DIFFUN (N,T,Y,SAVE2)

NFE=NFE+1

IF (!WEVAL.LE.O) GO TO 290

IWEVAL=0

RC=1.

NJE=NJE+1

NSTEPJ=NSTEP
GO TO (250,200,260), MITER
NFE=NFE+N
CON=-H*EL( 1)
CALL PSET
CALL NGEOO4 (Y,NO,CON,MITER, ER)
IF (1ER.NE.C) GO TO 420
GO TO 350
R=EL(1)*.10D0
DO 270 I=1,N
PW( 1)=Y( 1, 1)+R*(H*SAVE2( 1)-Y(1,2))
CALL DIFFUN (N,T,PW,SAVET)
NFE=NFE+1
HLO=H*EL( 1)
DO 280 I=1,N
RO=H*SAVE2( | )=Y(1,2)
PW(1)=1.0D0
D=. 10DO*RO-H* ( SAVE1( | ) =SAVE2( | } )
SAVE1( 1)=0.0D0
IF (ABS(RO).LT.UROUND*YMAX(1)) GO TO 280
IF (ABS(D).EQ.0.0D0) GO TO 420
PW( 1 )=. 10D0*R0/D
SAVET( 1)=PW( | )*RO
CONT I NUE
GO TO 370
iIF (MITER.NE.O) GO TO (350,350,310}, MITER
D=0.0D0
DO 300 1=1,N
R=H*SAVE2(1)-Y(1,2)
D=D+( (R-ERROR( 1)) /YMAX( | ) )**2
SAVE1(1)=Y(1, 1)+EL(1)*R
ERROR( | }=R
GO TO 1400

PHLO=HLO

HLO=H®*EL( 1)

IF (HLO.EQ.PHLO) GO TO 330

R=1ILO/PHLO

DO 320 I=1,N
D=1.0DG-R*{1.0D0-1.0D0/PW( 1))
IF (ABS(D).EQ.0.0D0) GO TO W40
PYI( 1)=1.000/D

DO 340 1=1,N

DGE02760

- DGE02770

DGE02780
DGED2790
BGED2800
DGEO2810
DGE02820
DGE02830
DGE0O2840
DGE02850
DGE02860
DGE02870
DGE02880
DGE02890
DGE02900
DGE02910
DGE02920
DGE02930
DGEO29U0
DGE02950
DGE02960
DGE02970
DGE02980
DGE02990
DGE03000
DGE03010
DGE03020
DGE03030
DGEO30u0
DGE03050
DGEO3060
DGEO3070
DGEO3080
DGEO3090
DGE03100
DGEG3110
DGEO3120
DGE0O3130
DGEO3140
DGEO3150
DGEO3160
DGE03170
DGEO3180
DGE03190
DGE03200
DGE03210
DGEQ3220
DGE03230
DGEO3240
DGE03250
DGE03260
DGE03270
DGE03280
DGEQ3290
DGE0O3300

350
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340

350
360

370

h30

4yo

450

460

L70

490

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINFRALS, DHAHRAN

SAVET( | )=PW( | ) *(H¥*SAVE2(1)-(Y(1,2)+ERROR(1)))
GO TO 370

DO 360 I=1,N
SAVET{ | )=H¥SAVE2( 1) -(Y(1,2)+ERROR( 1))
CALL SsoL
CALL NGEOO6 (N, NO,PW,SAVE1, IPIV)
D=0.0D0
DO 380 1=1,N

ERROR( 1 )=ERROR{ 1 ) +SAVE1{ 1)
D=D+(SAVET( 1 )/YMAX( 1) )**2
SAVET( F)=Y( 1, 1)+EL(1)*ERROR( |)

IF (M.NE.O) CRATE=DMAX1(.90DO*CRATE,D/D1)

IF ({D*DMIN1(1.0D0,2.0DO*CRATE)).LE.BND) GO TO 150
D1=D

M=M+1

IF (M.EQ.3) GO TO 410

CALL DIFFUN (N, T, SAVE1, SAVE2)

GO TO 290

NFE=NFE+2
IF (IWEVAL.EQ.-1) GO TO 440
T=TOLD
RMAX=2.0DO
DO 430 J1=1,NQ
DO 430 J2=J1,NQ
J=(NQ+J1)=J2
DO 430 1=1,N
Y(1,d)=Y(1,3)-Y(1,J+1)
IF (ABS(H).LE.HMIN*1,000010D00) GO TO 680
RH=.250D0
IREDO=1
GO TO 170
IWEVAL=MITER
GO TO 220
IF (MITER.NE.O) IWEVAL=-1
NFE=NFE+M
D=0.0D0
DO 460 1=1,N
D=D+{ ERROR( | ) /YMAX( | ) ) ##2
IF (D.GV.E) GO TO 500
KFLAG=0
1REDO=0
NSTEP=NSTEP+1
HUSED=H
NQUSED=NQ
DO 470 J=1,L
DO 470 I=1,N
Y(1,J)=Y(1,J)+EL(J)*ERROR( | )
IF (IDOUB.EQ.1) GO TO 520
1DOUB= | DOUB~1
IF (1DOUB.GT.1) GO TO 700
IF (L.EQ.LMAX) GO TO 700
DO 490 i=1,N
Y(1,LMAX)=ERROR( 1)

DGE03310
DGE03320
DGE03330
DGEO3340
DGE03350
DGE03360
DGE0O3370
DGE03380
DGE03390
DGEO3HLOO
DGEO3410
DGEO3420
DGEO3U30
DGEO3440
DGEO3u50
DGEO3460
DGEO3LT0
DGEO3480
DGEO3490
DGEO3500
DGEO3510
DGEQ3520
DCGEG3530
DGEO3540
DGEQ3550
DGEQ3560
DGEO3570
DGEQ3580
DGE03590
DGE03600
DGEO3610
DGE03620
DGE03630
DGEQ3640
DGE03650
DGE03660
DGE03670
DGE0O3680
DGE03690
DGEDO3700
DGEQ3710
DGEO3720
DGE03730
DGEQ37h0
DGEO3750
DGEO3760
DGEQ3770
DGEO3780
DGE03790
DGEO3800
DGEO3810
NGEN3820
DGEO3830
DGEO38L0
DGE03850

351
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500

510

520

530

5u¢0

550

560

570

580

590

600

610

620

630

610

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

GO TO 700
KFLAG=KFLAG-1
T=TOLD
DO 510 Jt1=1,NQ
DO 510 J2=J1,NQ
J=(NQ+J1)-J2
DO 510 1=1,N
Y(1,d)=Y(1,d)=Y(1,J+1)
RMAX=2.0D0
IF (ABS(H).LE.HMIN*1.00001000) GO TO 660
IF (KFLAG.LF.-3) GO TO 640
IREDO=2
PR3=1.D20
GO TO 540
PR3=1.D20
IF (L.EQ.LMAX) GO TO 540
D1=0.0D0
DO 530 1=1,N
D1=D1+( (ERROR{ 1 )=Y( |, LMAX) ) /YMAX( | } ) #*2
ENQ3=.5000/FLOAT( L+1)
PR3=((D1/EUP)**ENQ3 ) *1.50D0+1.4D-06
ENQ2=.50D0/FLOAT(L)
PR2=( (D/E)**ENQ2)*1.20D0+1.2D-06
PR1=1.D20
IF (NQ.EQ.1) GO TO 560
D=0.0D0
DO 550 I=1,N
D=D+(Y( I, L)/YMAX( 1) )**2
ENQ1=.5000/FLOAT(NQ)
PR1=((D/EDN)*#ENQ1)*1,30D0+1.3D-06
IF (PR2,LE.PR3) GO TO 570
IF (PR3.LT.PR1) GO TO 590
GO TO 580
IF (PR2.GT.PR1} GO TO 580
NEWQ=NQ
RH=1.0D0/PR2
GO TO 620
NEWQ=NQ-1
RH=1.,0D0/PR1
GO TO 620
NEWQ=L
RH=1.0D0/PR3
IF (RH.LT.1.10D0) GO TO 610
DO 600 §=1,N
Y( I, NEWQ+1)=ERROR( | ) *EL(L)/FLOAT(L)
GO TO 630
1DOUB=10
GO TO 700
If ((KFLAG.EQ.0).AND.(RH.LT.1.10D0)) GO TO 610
IF (NEWQ.EQ.NQ) GO TO 170
NQ=NEWQ
L=NQ+1
IRET=2
GO TO 130
IF (KFLAG.EQ.~7) GO TO 670

DGED3860
DGEO3870
DGE03880
DGE03890
DGE03900
DGE03910
DGE03920
NGE03930
DGEQ3940
DGE03950
DGE03960
DGE03970
DGE03980
DGE03990
DGEOQhOOO
DGEOU010
DGEQO4020
DGEO4O30
DGEOLOUO
DGEOU050
DGEOX0O60
DGEOUO70
DGEQLO8O
DGECU090
DGEO4100
DGEO4110
DGEON 120
DGEO4130
DGEOL 140
DGEO4150
DGEOW4 160
DGEOL170
DGEO# 180
DGEO4190
DGEOU200
DGEO4210
DGEOU220
DGEOu230
DGEOH240
DGEO4250
DGEQU260
DGEQL270
DGEO4280
DGEO4290
DGEON300
DGEO4310
DGEO4320
DGEO4330
DGEO4340
DGLOu350
DGEOW360
DGEOU370
DGEOL 380
DGEO4390
DGEO4400
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650

660

670

680

690
700

101

102

103

04

B FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

RH=. 1000

RH=DMAX1(HMIN/ABS(H),RH)

H=H*RH

CALL DIFFUN (N,T,Y,SAVE1)

NFE=NFE+1

DO 650 I=1,N
Y{1,2)=H*SAVE1( 1)

IWEVAL=MITER

1DOUB=10

IF (NQ.EQ.1) GO TO 200

NQ=1

L=2

{RET=3

GO TO 130

KFLAG=~1

GO TO 700

KFLAG=-2

GO TO 700

KFLAG=~3

GO TO 700

RMAX=10.0DO

HOLD=H

JSTART=NQ

RETURN

END

SUBROUTINE NGEOO3 (METH,NQ, EL, TQ, MAXDER)

IMPLICIT DOUBLE PRECIS!ION (A-H,0-Z)

INTEGER METH, NQ, MAXDER, K

DOUBLE PRECISION EL

DOUBLE PRECISION TQ, PERTST

DIMENSION PERTST(12,2,3), EL(13), TQ(4)

DGEOWB10
DGECUH20
DGEORU30
DGEOHh4UO
DGEONAH50
DGEOLU60
DGEOWH70
DGEORULSBO
DGEOAL90
DGEON500
DGEOh510
DGEOU520
DGEO4530
DGEOU5U0
DGEO4550
DGEOU560
DGEOL570
DGEOU580
DGEO4590
DGECU600
DGEOU610
DGEQU620
DGEO4630
DGEOl6UO
DGEON650
DGEOU660
DGEOW670
DGEOL680
DGEO4690
DGEO4700
DGEO4T710

DATA PERTST/1.000,1.0D0,2.0D0,1.000, .31580D0, .07407000, .0139DGEQLT720
$.002182000, . 0002945000, . 000034920D0, . 000003692000, . 000000352DGE0U730
$1.0D0, 1.000, .50D0, . 1667000, .O11670D0, 1.0D0, 1.0D0, 1.0D0, 1.0DODGEO47HO
$1.0D0, 1.000, 1.000,2.0D0, 12.000, 24.0D0, 37.890D0, 53.330D0, 70.0DGEO4750
$87.970D0, 106.9000, 126.70D0, 147.40D0, 168.80D0, 191,000, 2.0D0, 4DGEO4 760
$7.333000, 10.42000, 13.7000, 1.000, 1.0D0, 1.0D0, 1.0D0, 1.0D0, 1.0DDGEOUTT0
$1.000, 12.000, 24.0D0, 37.89000,53.330D0, 70.080D0, 87.970D0, 106. DGEO4780
$126.7000, 147.40D0, 168.80D0, 191.000, 1.0D0, 3.000, 6.0D0, 9. 1670DDGEOUTI0

$12.5000, 1.0D0, 1.0D0, 1.0DO, 1.0D0, 1.0D0, 1.0D0, 1.0D0, 1.0D0/

GO TO (1,2), METH
MAXDER=12

GO TO (101,102,103, 104,105, 106,107, 108,109,110,111,112), NQ

MAXDER=5

GO TO (201,202,203,204,205), NQ
EL(1)=1.0DO

GO TO 900

EL(1)=0.50D0

EL(3)=0.50D0

GO TO 900
EL(1)=4.1666666666666667D-01
EL(3)=0.750D0
EL(1)=1.6666666666666667D-01
GO T0 900

EL(1)=0.3750D0

DGEOU800
DGEOuU810
DGEOL820
DGEQ4830
DGEOU8HO
DGEOL850
DGEON860
DGEOl8T0
DGEOU880
DGEQU890
DGEON900
DGEON910
DGEON920
DGEOW930
DGE04940
DGEOU950
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106

107
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EL(3)=9.1666666666666667D~01
EL(4)=3.3333333333333333D-01
EL(5)=U4.1666666666666667D-02
GO TO 900
EL(1)=3.4861111111111111D-01
EL{3)=1.0416666666666667000
EL(4)=4.8611111111111111D~01
EL(5)=1.0416666666666667D-01
EL(6)=8.3333333333333333D-03
GO TO 900
EL(1)=3.2986111111111111D-01
EL(3)=1.14166666666666670D0
EL(4)=0.6250D0
EL(5)=1.7708333333333333D-01
EL{6)=0.0250D0
EL(7)=1.3888888888888889D~-03
GO TO 900
EL(1)=3.15591931216931220-01
EL(3)=1.2250D0
EL(4)=7.5185185185185185D-01
EL(5)=2.5520833333333333D-01

EL(6)=4.8611111111111111D-02"

EL(7)=4.8611111111111111D-03

sar & mat cmsantemrAnL e AL

DGEOU960
DGEOU970
DGEOU4980
DGEOU990
DGEQ5000
DGEO5010
DGE05020
DGE05030
DGEO5040
DGEQ5050
DGE05060
DGEO5070
DGE05080
DGEO05090
DGE05100
DGE0O5110
DGEO5120
DGE05130
DGEO51h0
DGEO05150
DGE05160
NDGEO05170
DGEO5180

nATEAn snN
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m

112

201

202

203

204

205

900
910

FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAIRAN

EL(1)=2.8018959644393672D-01
EL(3)=1.4644841269841270D0
EL(4)=1.17151455026455030D0
EL(5)=5.7935819003527337D-01
EL(6)=1.8832286155202822D-01
EL(7)=4.1430362654320988D-02
EL(8)=6.2111441798941799D-03
EL(9)=6.2520667989417989D-04
EL(10)=4.0417401528512640D-05
EL(11)=1.51565255731922400-06
EL(12)=2.5052108385441719D-08
GO TO 900
EL(1)=2.7426554003159906D-01
EL(3)=1.5099386724386724000
EL(L)=1.2602711640211640D0
EL(5)=6.5923418209876543D-01
EL(6)=2.3045800264550265D-01
EL(7)=5.5697246105232216D-02
EL{8)=9.4394841269841270D-03
EL(9)=1.1192749669312169D-03
EL(10)=9.0939153439153439D-05
EL(11)=4.8225308641975309D-06
EL(12)=1.5031265031265031D-07
EL(13)=2.0876756987868099D-09
GO TO 900

EL(1)=1.0D0

GO TO 900
EL(1}=6.6666666666666667D-01
EL(3)=3.3333333333333333D-01
GO TO 900
EL(1)=5.454545U545454545D-01
EL(3)=EL(1)
EL(4)=9.0909090909090909D-02
GO T0 900

EL(1)=0.480D0

EL(3)=0.70D0

EL(4)=0.20D0

EL(5)=0.020D0

GO TO 900
EL(1)=1.379562043795620UD-01
EL(3)=8.2116788321167883D-01
EL(4)=3.10218978102189780-01
EL(5)=5.4744525547415255D-02
EL(6)=3.6496350364963504D-03

DO 910 K=1,3
TQ(K)=PERTST{NQ, METH, K)

TQ(N4)=.50D0%TQ(2)/FLOAT(NQ+2)

RETURN

END

SUBROUT INE NGEOOL (Y,NO,CON,MITER, IER)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER NO,MITER, |ER,N, IDUMMY, IPIV,NSQ, 1,J1,J

DGEO5510
DGE05520
DGE05530
DGEO5540
DGEQ5550
DGE05560
DGEQ5570
DGE05580
DGEO5590
DGEQ5600
DGE05610
DGE05620
DGEN5630
DGEO56U0
DGE05650
DGE05660
DGE0O5670
DGE05680
DGE05690
DGEO5700
DGEO5710
DGED5720
DGED5730
DGEO57U0
DGEO5750
DGEQO5760
DGEO5770
DGEO5780
DGEO5790
DGEQ5800
DGEOS5810
DGEOD5820
DGE05830
DGEO5840
DGE05850
DGE05860
DGEO5870
DGE0O5880
DGEO05890
DGEOQ5900
DGE05910
DGE05920
DGE05930
DGEQ5940
DGE05950
DGE05960
DGEQ5970
DGE05980
DGE05990
DGE0G000
DGE06010
DGE06020
DGE06030
DGE060'0

DOUBLE PRECISION Y,CON, T, H,DUMMY, UROUND, YMAX, SAVEL, SAVE2, PW NGE06050
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20

30
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DOUBLE PRECISION EPSJ,D,R0,YJ,R
DIMENSION Y(NO,6)

COMMON /GEAR1/ T,H,DUMMY(3),UROUND, N, | DUMMY(3)

COMMON /GEAR2/ YMAX(147)
COMMON /GEARL/ SAVE1(147)
COMMON /GEAR5/ SAVE2(147)
COMMON /GEAR6/ PW(21609)
COMMON /GEAR7/ IPIV(147)
COMMON /GEAR8/ EPSJ,NSQ
IF (MITER.EQ.2) GO TO 20
CALL PEDERV (N, T,Y,PW,NO)
DO 10 t=1,NSQ

PW( 1 )=PW( 1 ) *CON

GO TO 60

D=0.000

DO 30 I1=1,N
D=D+SAVE2( | ) ##2

RO=ABS( H)*SQRT(D)*1.D+03*UROUND
J1=0
DO 50 J=1,N

vJ=Y(J,1)

R=EPS.J*YMAX(J)

DGEO6060
DGE0O6070
DGE0Q6080
DGE06090
DGEQ6100
DGECG6110
DGE06120
DGE06130
DGEO6140
DGE06150
DGEO6160
DGE06170
DGE06180
DGE06190
DGE06200
DGE06210
DGE06220
DGE06230
DGEO6240
DGE06250
DGED6260
NGFNR2T70
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QOO0

20

30

4o
50
60
70

80

10
20

30
4o
50

FORTRAN A1 KING FAHD UNIVFRSITY OF PETROLEUM AND MINERALS, DHAHRAN

IP(N)}=-1P(N)
A(M, K)=A(K, K)
A(K, K)=T
IF (T.EQ.0.0D0) GO TO 80
T=1.000/T
DO 30 I=KP1,N
ALL, K)==A( 1, K)*T
DO 50 J=KP1,N
T=A(M,J)
A(M,J)=A(K,J)
A(K,J)=T
IF (T.EQ.0.0D0) GO TO 50
DO U0 I=KP1,N
AL, J)=A01,J)+A( L, K)*T
CONT INUE
CONT INVE
K=N
IF (A(N,N).EQ.0.000) GO TO 80
RETURN
1ER=K
IP{N)=0
RETURN
END
SUBROUT INE NGE0OO6 (N,NDIM,A,B,{P)
IMPLICIT DOUBLE PRECISION (A-H,0-7)
INTEGER N,NDIM, |P,NM1,K, KP1,M. |, KB, KM1
DOUBLE PRECISION A,B,T
DIMENSION A(NDIM,N), B(N), IP(N)
IF (N.EQ.1) GO TO 50
NM1=N-1
DO 20 K=1,NM1
KP1=K+1
M=1P(K)
T=B(M)
B(M)=B(K)
B(K)=T
DO 10 I=KP1,N
B(1)=B(1)+A(l,K)*T
CONT INUE
DO 40 KB=1,NM1
KM1=N-KB
K=KM1+1
B(K)=B(K)/A(K,K)
T=-B(K)
DO 30 1=1,KM1
B(1)=B(1)+A(1,K)*T
CONT I NUE
B(1)=B(1)/A(1,1}
RETURN
END
SUBROUT INE 1ASTMC(CE, QE, XMil1, XMK1, XMP1, N)

IAST CALCULATION FOR MYERS !SOTHERMS
IF THE LiQUID PHASE ADSORBATE
CONCENTRATIONS ARE KNOWH

DGEO6610
DGE06620
DGEO6630
DGE06640
DGE06650
DGEQ6660
DGEO6670
DGE06680
DGE06690
DGEO6T00
DGEO6710
DGE06720
DGEO6730
DGEO6740
DGEQ6750
DGE06760
DGEO6770
DGEQ6780
DGEO6790
DGE0O6800
DGE06810
DGE06820
DGEN6830
DGEO6840
DGE06850
DGE06860
DGE06870
DGE06880
DGE06890
DGE06900
DGE06910
DGE06920
DGE06930
DGE0694O
DGE06950
DGE06960
DGE06970
DGE06980
DGE06990
DGEQ7000
DGEQ7010
DGEO07020
DGEO7030
DGEQ7040
DGEO7050
DGEO7060
DGEO7070
DGE0Q7080
DGEQ7090
DGEO7100
DGEO7110
DGEO7120
DGEQ7130
DGEO71h0
DGEQ7150
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IMPLICIT DOUBLE PRECISION(A-H,0-7) DGEOT 160
c DGEO7170
c DGEO7180
DIMENSION WK(33),X(3),Y(3),C0(3).QE{N),CF(N), DGE0O7190
+XMHT{N), XMK1(N),XMP1(N) DGEOT7200
c DGEQ7210
EXTERNAL FCNM DGE07220
EXTERNAL FCNJM DGE07230
c DGEQ7240
c READ INITIAL GUESSES FOR ADSORBED PHASE DGE0O7250
c ADSORBATE CONCENTRAT IONS DGE07260
c DGE07270
Do 3 I=1,N DGE07280
X(1)=0.5%CGE(!) DGEQ7290
3 CONT INUE DGE07300
NSIG=h NGED7310
1 TMAX=300 DGE07320
c DGED7330
CALL NMAJLS({N, FCNM, FCNJM,NSIG, DGEO73h0
&X, FNORM, | TMAX, WK, 1ER, XMH1, XMK1, XMP1, GE) NGEN7350
c DGEQ7360
IF(IER .NE. 0) THEN DGE07370
WRITE(*,*) ' IER = ', 1ER DGE07380
WRITE(*,*) * X ="', (X(!),1=1,N) DGEQ7390
WRITE(*,*) ' FNORM = ', FNORM DGEQ7400
WRITE(*,*) ' SUBROUTINE IAST MYERS' DGEOTU10
STOP ' something is wrong ' DGEQ7L20
END IF DGEO7430
c DGEO7440
C COMPUTE HYPOTHETICAL LIQUID PHASE CONC'S DGEO7450
c AND THE LIQUID PHASE MOLE FRAGCTIONS DGEO7L60
c DGEQ7470
DO 4 1=1,N DGEQ7480
ARG=XMK1( 1 )#X( | )#¥XMP1( 1) DGEO7490
CO( ! )=(X(1)/XMH1(1))*DEXP(ARG) DGEQ7500
Y{1)=CE(1)/CO(!) DGEQ7510
4 CONTINUE DGEQ7520
c DGE0Q7530
C TOTAL CARBON COVERAGE DGEQO7540
c DGEQ7550
SUM=0.0D0 DGE0N7560
po 5 t=1,N DGEQ7570
SUM=SUM+Y( 1 )/X( V) DGEO7580
5 CONTINVE DGEC7590
QT=1.0D0/SUM DGEQ7600
c DGEO7610
v ADSORBED PHASE ADSORPT{ON CONCENTRATION DGE07620
Do 6 I=1,N DGE07630
QE( 1)=Y(1)}#QT DGEQ7640
6 CONTINUE DGEO7650
RETURN DGEQ7660
END DGEQ7670
[ D AL D ELEE L P L L T DGEQ7680
SUBROUTINE FCNM{X, F,XMIi1,XMK! XMP1,CE,N) DGEO7690

c

DGEQ7700
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IMPLICIT DOUBLE PRECISION(A-H,0-Z) DGEG7710

c DGEOT720
DIMENSION XMHT({N}, XMK1[N),XMP1(N),CE(N) DGEO7730

c DGEO7740
DIMENSION X(N), F(N),H(3),P(3).ARG(3),FR(3),P1(3) DGEO7750

c DGEGT760
DO 1 I=1,N DGEG7770

X{ 1 }=DMAX1(X{ 1}, 1.0D-20) DGE07780

1 CONTINUE DGEG7790

c DGEO7800
Do 2 1=1,N DGEQ7810

H( 1 )=XMKT( 1 )*XMPI(1)/(XMP1(1)+1.0D0) DGE07820
POE)=X( 1 )+H 1 )*X( 1 )**(XMP1(1)+1.000) DGEO7830

2 CONT INUE DGEQ7840
DO 3 I=1,N-1 DGEQ7850
F(1)=P(1)-P{1+1) DGEO7860

3 CONT INUE DGEQT870
c DGE07880
SUM=0.000 DGEO7890

Do & 1=1,N DGEQ7900

ARG{ 1 }=XMK1( 1 }*X( 1)*#XMP1( 1) DGE07910

FR( 1 )=X(1)/XMHI(1) DGEG7920
P1{1)=CE(1)/{FR( " }*DEXP(ARG(1))) DGE07930
SUM=SUM+P1( 1) DGEO7940

n CONT I NUE DGEN7950
F(N)=SUM-1.000 DGE07960

c DGEO7970
RETURN DGE07980

END DGEQ7990

L i T DGEG8000
SUBROUT INE FONJM(X, FJ, XMH1,XMK1,XMP1,CE,N) DGE0SO10

c DGE08020
IMPLICIT DOUBLE PRECISION(A-H,0-7) DGE08030

c DGE08OUO0
DIMENSTON XMH1(N),XMK1(N),XMP1(N),CE(N),F1(3),F2(3) DGE08050

c DGE08060
DIMENSION X(N),FJ(N,N),PR(3),ARG(3),XNOM(3) DGEG8070

c DGEG8080
DO 1 1=1,N DGE08090

X( 1 )=DMAX1(X(1),1.0D-20) DGE08 100

1 CONTINUE DGE0OB110

c DGE08120
DO 2 I=1,N DGE08130
PROT)=XMKT (1) #XMPT( 1) *X( 1) **XMP1( 1) DGE08 140

ARG( 1 }=XMK1{ | )%X( 1 ) #4XMP1(1) DGE08150

XNOM( 1 )==-CE( 1 }*XMH1({ 1 }*(1.0D0O+PR( 1)) DGE0S 160

2 CONT INVE DGE08170
c DGE08180
If (N.EQ.2) THEN DGE0B190
FJ(1,1)=1.0D0+PR( 1) DGE0S200

FJ(2, 1)=XNOM(1)/{X(1)*X(1)*DEXP(ARG(1))) DGE08210
FJ(1,2)=-1.0D0-PR(2) DGE08220
FJ(2,2)=XNOM(2)/(X(2)*X({2)*DEXP({ARG(2))) DGE08230

END IF DGE08240

IF {N.EQ.3) THEN DGEO8250
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FJ(1,1)=1.0D0+PR(1) DGE08260
FJ(2,1)=0.0D0 DGEQ8270
FJ(3,1)=XNOM( 1)/(X(1)*DEXP{ARG(1})) DGE08280
FJ(1,2)=-1.000-PR(2) DGE08290
FJ(2,2)=1.0D0+PR(2) DGE08300
FJ(3,2)=XNOM{2)/(X(2)*DEXP{ARG(2))) DGE08310
FJ(1,3)=0.0D0 DGE08320
FJ(2,3)=-1.0D0-PR(3) DGE08330
FJ(3,3)=XNOM{3)/(X(3)*DEXP{ARG(3))) DGE083h0
END IF DGE08350

c DGE08360
RETURN DGE08370
END DGE08380

[ e et D D DL Dt DDt - DGE08390
SUBROUTINE 1ASTMQ(CE, QE, XMHT, XMK1,XMP1,N) DGE08400

c DGEO8410

c IAST CALCULATION FOR MYERS ISOTHERMS DGEQ8420

c IF THE SOLID PHASE ADSORBATE DGEO8430

c CONCENTRATIONS ARE KNOWN DGEO84UO
IMPLICIT DOUBLE PRECISION(A-H,0-Z) DGEO8450

c DGEO8460
DIMENSION XMHT(N),XMKI(N},XMP1(N),QE(N) DGE08470

c DGEO8480
DIMENSION WK(33),X(3) DGE08490

c DGE08500
DIMENSION Y(3),C0(3),CE(N) DGE08510

c DGE08520
EXTERNAL FQNM DGED8530
EXTERNAL FQNJM DGE08540

c READ INITIAL GUESSES FOR LIQUID PHASE DGE08550

c ADSORBATE CONCENTRATIONS DGE08560

c DGE08570
DO 2 I=1,N DGED8580
X(1)=0.5%QE(1) DGE08590

2 CONTINUE DGE08600

c DGE08610
NSIG=4 DGE08620
I TMAX=1000 DGE08630

c DGE08640
CALL NMAJLS{N, FQNM, FQNJM,NSIG, DGE08650

&X, FNORM, | TMAX, WK, | ER, XMH1, XMK1, XMP1,QE) DGEO8660

c DGE08670
IF(I1ER .NE. O) THEN DGE08680
WRITE(*,*) ' 1ER = ', IER DGE08690
WRITE(*, %) ' X = ', (X{1),1=1,N) DGE0O8700
WRITE(*,*) ' FNORM = ', FNORM DGE08710
WRITE(*,%*) ' SUBROUTINE IAST MYERS' DGE08720
STOP ' something is wrong ' DGEO8730
END iF DGEO8740

c DGE08750

c COMPUTE HYPOTHETICAL LIQUID PHASE CONC'S DGE0O8760

c AND THE LIQUID PHASE MOLE FRACTIONS DGE0O8770

c DGE08780
DO U4 I=1,N DGE08790

ARG=XMKT( | )*X( 1 )**#XMPI( 1) DGEO8800
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(2}

(2]

CO(1)=(X{1)/XMHT( 1) )*DEXP{ARG)

4 CONTINUE

TOTAL CARBON COVERAGE

SUM=0.0D0

DO 5 I=1,N
SUM=SUM+QE( 1)
CONT INUE
QT=1.0D0/SUM

LIQUID PHASE CONCENTRATION
DO 6 t=1,N

GE( 1 }=QE( ! }*CO( 1 )*QT
CONTINUE

RETURN

END

- - D e > - - - N W e -

SUBROUTINE FQNM(X, F,XMH1, XMK1,XMP1,QE,N)
IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DIMENS!'ON XMH1(N),XMK1(N},XMPT1(N),QE(N)

DIMENSION X(N),F(N),H(3},P(3),ARG(3),FR(3),P1(3)

DO 1 1=1,N
X( 1)=DMAX1(X(1),1.0D-20)
CONT INUE

D0 2 1=1,N

H( L )=XMKT( | )*XMP1( 1)/ (XMP1{ 1)+1.0D0)
POU)=X( F)+H{ 1 )#X( | )**(XMP1(1})+1.0D0)
CONT INVE

DO 3 I=1,N-1

F(1)=P(1)-P(1+1)

CONT INUE

SUM=0.0D0

Do 4 1=1,N
P1(1)=QE(I)/X(1)
SUM=SUM+P1( 1)
CONT | NUE
F{N)=SUM-1.0D0

RETURN
END

- e ot = o o e R P e Y = o =

SUBROUT INE FQNJM(X, FJ, XMHT, ¥MK1,XMP1,QE, N)
IMPLICIT DOUBLE PRECISION{A-Il,0-~Z)
DIMENSION XMH1(N),XMK1(N),XMP1(N),QE(N)

DIMENSION X(N),FJ(N,N),PR(3)},F1(3),F2(3)

DGE08810
DGE08820
DGE08830
DGEO88U0
DGEO8850
DGE08860
DGEO8870
DGE08880
DGE08890
DGEO08900
DGEO8910
DGE08920
DGE08930
DGEO89LO
DGE08950
DGE08960
DGEQ8970
DGE08980
DGE08990
DGE09000
DGEQS010
DGE09020
DGE09030
DGEO90LO
DGE09050
DGE09060
DGE09070
DGE09080
DGEQ9090
NGE09100
DGEO9110
DGE09120
DGEQ9130
DGEO9140
DGE09150
DGE09160
DGE09170
DGE09180
DGE09190
DGE09200
DGED9210
DGE09220
DGE09230
DGE09240
DGE09250
DGE09260
DGE09270
DGE09280
DGEO9290
DGE09300
DGE09310
DGE09320
DGE09330
DGEOS3h0
DGE09350

30l
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OO0 OODODOO0OOO0

(o]

O

0O 1 I=1,N
X(1)=DMAX1(X(1),1.0D-20)
CONTINUE

DX=1.80D0*( 1.0D-6)**(1.0D0/3.00D0)

po 2 I=1,N
PR(T)=XMKT( UY®*XMPI( 1 )*X( 1) *¥XMP1( 1)
CONTINUE

IF (N.EQ.2) THEN
FJ{1,1)=1.0D0+PR{1)
FJ(2,1)=-QE(1)/X(1)**2,0D0
FJ(1,2)=-1.000-PR(2)
FJ(2,2)=-QE(2)/X(2)**2.0D0
END IF

IF (N.EQ.3) THEN
FJ(1,1)=1.0D0+PR(1)
FJ(2,1)=0.0D0
FJ(3,1)=-QE(1)/X(1)**2,0D0
FJ(1,2)=-1.0D0-PR(2)
FJ(2,2)=1.0D0+PR(2)
FJ(3,2)=-QE(2)/X(2)**2.0D0
FJ(1,3)=0.0D0
FJ(2,3)=-1.000-PR(3)
FJ(3,3)=-QE(3)/X(3)#*2.0D0
END IF

RETURN
END

SUBROUTINE NMAJLS(N, FCN, FCNJ,NSIG, X, FNORM, | TMAX, WK, I ER

+,XMH 1, XMK1,XMP1,CE)

NEWTONS METHOD WITH GLOBALLY CONVERGENCE
STRATEGY FOR SYSTEM OF NONLINEAR EQUATIONS

N - NUMBER OF NONLINEAR EQUATIONS

X = UNKNOWN VECTOR

WK ~ WORK VECTOR OF LENGTH OF N*(5+2*N)

FCN ~ SUBROUTINE FOR FUNCTIONAL EVALUATION

FCNJ = ANALYTICAL JACOBEAN

NSIG - SIGNIFICANT DIG!TS OF UNKNOWNS

FNORM - NORM OF FUNCTION VECTOR

ITMAX = MAXIMUM ALLOWABLE NUMBER OF ITERATIONS

tER - O - SUCCESSFULL ITERATION
100 - NORM NOT SUFFIGIENTLY SMALL (OPTIMUM)
110 - EXCEEDS MAXIMAL NUMBER OF ITERATIONS

IMPLICIT DOUBLE PRECISION(A-U1,0-Z)

DIMENSION WK(1),X({N),XMH1(N),XMK1(N),XMP1(N),CE(N)

1ER=0
ITER=0

DGE09360
DGE09370
DGE09380
DGE09390
DGEO9L00
DGEO9U10
DGEOSU20
DGEO9U30
DGEO440
DGEO9U50
DGEO9UL60
DGEO9470
DGEO9LBO
DGEO9L90
DGE0S500
DGE09510
DGE0S520
DGE09530
DGEC95u0
DGE09550
DGE09560
DGEQ9570
DGE09580
DGE09590
DGE09600
DGE09610
DGE09620
DGE09630
DGEO9640
DGE09650
DGE09660
DGE09670
DGE09680
DGEQ9690
DGE09700
DGEO9710
DGE09720
DGE09730
DGEO97HO
DGE09750
DGE09760
DGEO9770
DGE09780
DGE09790
DGEO9800
DGEQ9810
DGE09820
DGE09830
DGE09840
DGE09850
DGE09860
DGEQ9870
DGE09880
DGE09890
DGE09900

PAGE 00



FILE: DGEARB FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

o]

o000 o000 (2]

OO0

1 FOL=1
1FOU=N
FFJL=N#+1

1 FJU=N+N*N
1SL=N+N¥N+1
1 SU=N+N*N+N
IXNL=1SU+1
IXNU= I SU+R
1 FNL=1XNU+1
FFNU=IXNU+N
IWKGL=1 FNU+1

1.) FUNCTIONAL EVALUATION AND RES. FUNCTION
CALL FCN(X,WK( | FOL),XMH1,XMK1,XMP1,CE,N)
G0=0. 000
DO 1 i=IFOL, |FOU
GO=GO+WK( | ) *WK( 1)

1 CONTINUE
G0=G0%*0.5

200 CONTINUE

ITER=1TER+1

11.) CALCULATE JACOBEAN

CALL FCNJ(X,WK( IFJL),XMH1,XMK1, XMP1,CE,N)

1t1,) SOLVE FOR NEWTON STEP

CALL GAUSPI(WK( IFJL),WK(ESL),WK(IFOL),N,WK( IWKGL))

IV.) CHECK FOR ACCEPTABILITY

XL=1.0
ITERI=0

100 CONTINUE
ITERI=ITERI+]

Do 2 1=1,N
WK EXNL+1=1)=X( 1) =XL*WK( 1SL+1-1)
2 GONTINUE

CALL FCON(WK( IXNL),WK( IFNL),XMH1,XMK1,XMP1,CE,N)

GN=0.0D0

DO 3 I=IFNL, IFNU

GN=GN+WK( | )} *WK( 1)
3 CONTINUE

'DGE09S910

DGE09920
DGE09930
DGEQ9940
DGEQ9950
DGE09960
DGE09970
DGE09980
DGE09990
DGE10000
DGE10010
DGE10020
DGE10030
DGE10040
DGE10050
DGE10060
DGE10070
DGE10080
DGE10090
DGE10100
DGE10110
DGE10120
DGE10130
DGE10140
DGE10150
DGE10160
DGE10170
DGE10180
DGE10190
DGE10200
DGE10210
DGE10220
DGE10230
DGE10240
DGE10250
DGE10260
DGE10270
DGE10280
DGE10290
DGE10300
DGE10310
DGE10320
DGE10330
DGE103h0
DGE10350
DGE10360
DGE10370
DGE10380
DGE10390
DGE10400
DGE1OL1TO
DGE10420
DGE10430
DGE10440
DGE10450
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FILE: DGEARB FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN PAGE 00O

GN=GN*0.5D0 : DGE10460
Cc DGE1QU70
A=GN-GO-1,00-04*XL*2, 0DO*GO DGE10480
C DGE10490
[ DGE10500
IF{A .GT. 0.0D0) THEN DGE10510
IF(ITERl .GT. 50) THEN DGE10520
WRITE(*,*) ' Program stalls ' DGE10530
WRITE(*,*) ' try new initial guess ' DGE10540
sTOP DGE10550
END 1IF DGE10560
Cc APPLY FORMULA DGE10570
XLN=GO/(GN-GO+2.0*G0) DGE10580
TF{XLN .LT. 0.1D0*XL) XL=XL%*0Q.1 DGE10590
IF(XLN .GT. 0.5D0O*XL) XL=XL*0.5 DGE10600
IF{XLN .GE. O.1#XL .AND. XLN .LE. O0.5%XL) THEN DGE10610
XL=XLN DGE10620
END IF DGE10630
GO TO 100 DGE106K0
END IF DGE10650
C DGE10660
Cc PREPARE TO RETURN TO STEP 1.) DGE10670
Cc DGE10680
po 4 t=1,N DGE10690
WK(1)=WK({ I FNL+!~1) DGE10700
X( 1)=WK({ IXNL*+1-1) DGE10710
4 CONTINUE DGE10720
GO=GN DGE10730
[ V.) CONVERGENCE TEST DGE1Q740
o] DGE10750
IF(ITER .GT. ITMAX) THEN DGE10760
WRITE(*,%) ' iteration stallied or ITMAX too small' DGE10770
FNORM=2,0DO¥*GN DGE10780
IER=110 DGE10790
RETURN DGE10800
END IF DGE10810
(o DGE10820
DO 5 1=1,N DGE10830
CR1T=DABS{ 10.0DO*#( -NSIG)*X(1)} DGE10810
IF{DABS(WK(ISL+1-1)) .GT. CRIT) GO TO 200 DGE10850
5 CONTINUE DGE10860
C DGE10870
FNORM=2.,0DO*GN DGE10880
C DGE10890
FF(FNORM .LT. 10.0D0%*#{-NSIG)) THEN DGE10900
1ER=0 DGE10910
ELSE DGE10920
1ER=100 DGE10930
EMD F DGE10940
C DGE10950
RETURN DGE10960
END DGE10970
[0 b e R tntadndedet DGE10980
SUBROUTINE GAUSPI(A,X,B,N,W) DGE10990

Cc

DGE11000
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D000 OO0O00O0

(9]

O

(e}

-~ COEFFICIENT MATRIX (UNCHANGED ON RETURN)
- CONSTANT VECTOR
- SOLUTION VEGTOR
= WORK VECTOR DIMENSIONED (N,N+1)
= IN CALLING PROGRAM N*N+1
C - DIMENSION OF MATRIX

T X mw >

ALGORITHM USES PARTIAL PIVOTING

BUT DOES NOT CHECK FOR SINGULARITY

NO ACCURACY CHECK OR ITERATIVE IMPROVEMENT
OF SOLUTION !S PERFORMED

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DIMENSION A(N,N),X{N},B(N),W(N,*)

Do 1 1=1,N
DO 2 J=1,N
W(1,Jd)=A(1,d)

2 CONTINUE
W( I, N+1)=B( 1)

1 CONTINUE

DO 15 KK=1,N-1

JP=KK
1 P=KK
1 18=KK
JJS=KK

PARTIAL PIVOTING

PMAX=DABS({W(11S,JP))
DO 11 [I=1IS+1,N
PCOMP=DABS(W(11,JP))
IF(PMAX .LT. PCOMP) THEN
PMAX=PCOMP
IP=11
END IF

11 CONTINUE

TF(IP .NE. 11S) THEN
DO 12 JJ=JP,N+1
H=W(11S,4d)
WIS, JJ)=W(IP,JJ)
W(iP,JJ)=H

12 CONTINUE
END IF

TRIANGULATION STEP

DO 13 §=11S+1,N

DO 14 J-JJS+1,N+1

WL, I)=W(1,d)-W(I,JdS8)/MT1S,0dS8)*¥W(11S,J)
14 CONTINUE

DGE11010
DGE11020
DGE11030
DGE11040
DGE11050
DGE11060
DGE11070
DGE11080
DGE11090
DGE11100
DGE11110
DGE11120
DGE11130
BGE11140
DGE11150
DGE11160
DGE11170
DGE11180
DGE11190
DGE11200
DGE11210
DGE11220
DGE11230
DGE11240
DGE11250
DGE11260
DGE11270
DGE11280
DGE11290
DGE11300
DGE11310
DGE11320
DGE11330
DGE11340
DGE11350
DGE11360
DGE11370
DGE11380
DGE11390
DGE11400
DGE11410
DGE11420
DGE11430
DGE11440
DGE11450
DGE11460
DGET1470
DGE11480
DGE11490
DGE11500
DGE11510
DGE11520
DGE11530
DGE11540
DGE11550
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13

15

17

FORTRAN Al KING FAHD UNIVERSITY Of PETROLEUM AND MINERALS, GHAHRAN

CONT INUE
CONTINUE
GAUSSIAN ELIMINATION
X(N)=W({N,N+1)/W(N,N)

DO 16 Ki=1,N-1

K=N-K1

SUM=0.0D0

DO 17 J=K+i,N
SUM=SUM+W( K, J ) *X(J)
CONTINUE -
X(K)={W(K,N+1)-SUM)/W(K,K)
CONTINUE

RETURN
END

DGE11560
DGE11570
DGE11580
DGE11590
DGE11600
DGE11610
DGE11620
DGE11630
DGE116U0
DGE11650
DGE11660
DGE11670
DGE11680
DGE11690
DGE11700
DGE11710
DGE11720
DGE11730
DGE11740
DGE11750
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NOMENCLATURE

cquilibrium constant

Biot number

breakthrough curve
bulk liquid concentration

bulk liquid concentration

initial bulk liquid concentration
residual concentration

pore liquid phasc concentration
adsorbate in the liquid film at the solid-tiquid interface
exponcnt in Equation 5.4

particle diameter

dimensionless distribution paramcter
diffusivity of adsorbatc in water
porc diffusivity

surfacc diffusivity

dissolved oxygen

cxponent in cquation 5.4

Hydrogen ion concentration

Liquid phase mass flux



3 3 o & R

2

36R

surface diffusion flux

granular activated carbon

ratc constant in Equation 6.5
constants in Equations 4.1 and 4.2
cxternal mass transfer cocfficient
constant in Equation 4.3
Frcundlich constant

constant in Equations 5.4

cxponcnt in Equations 4.1 and 4.2

mass adsorbed at time t

mass adsorbed at cquilibrium

Frcundlich exponent

carbon loading

initial capacity

capacity at equilibrium

dimensionlcss solid phasc concentration in particles.
average dimensionless solid phase concentration in particles.
Langmuir Constant

cquilibrium solid phasc concentration

measure for the standard deviation in Equation in Equation 6.1
dimensionless distance from the center of carbon particle
universal gas constant

ratio of dissoved oxygen to GAC mass



wm

St

Schmidt number

Stanton number

time

temperature

total organic carbon

uptake

superficial velocity

total bed volume

volume of liquid

volume of solids

parameter vector in Equation 6.1
Expcrimental rcading in Equation 6.1

Longitudinal dimension in the column

GREEK LETTERS

- AH
Aq

P

heat of adsorption

increasc in the carbon uptake
bed voidage

particle porosity

viscosity of water
dimensionless time

sphcricity

Thicle modulus

RICY)



density of water
density of the carbon particle

chi square statistics

70
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