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CHAPTER 1

INTRODUCT ION

A principal environmental problem associated with coal
gasification is the generation of wastewater containing
significant quantities of phenols. Forney et al. (1974) have
found that, for the Synthane process, approximately 120 gallons
of water are recovered for every tom of coal gasified. Schmidt,
Sharkey, and Friedel (1974) have reported a mass spectrometric
analysis of gasifier condensate; the contaiminants were found
to include phenol, cresols, dihydric phenols, naphthols,
pyridines, and indenols at total concentrations as high as 7,000
to 10,000 ppm by weight. The technology for rough treatment of
this type of wastewater has existed for years; Crawford (1926)
has given an interesting description of the use of benzene as a
solvent in the extractive treatment of weak ammonia liquors im
coke plants. The demands made upon modern treatment schemes are
much more stringent, however. According to Lanouette (1977),
the Environmental Protection Agency has established a
permissible level for phenols of 0.02 mg/l for 1983 for the Best
Available <Control Technology Economically Achievable. It is
apparent that treatment methods used for the control of coal
conversion wastewater will have +to provide decontamination
factors in excess of 10°.

Existing methods for the treatment of phenolic wastewaters

include: biological oxidation, destructive chemical oxidation,



incineration, adsorption, and solvent extraction. Gehrs (1975)
states that pyridine and gquinoline are not greatly affected by
biological waste treatment processes, and Glasgow (1975) has
found, 4in a preliminary economic study, that chemical oxidation
of phenols is prohibitively expemsive. Furthermore, given the
current concern over depletion of natural resources, it is
important to note that only solvent extraction and adsorption
offer any opportunity for recovery of the phenolic contaminants.

Solveat extraction has been and is being used for
dephenolization in coke plants: Wilson and Wells (1950) note
that some German coke plants have used tri-o-cresyl phosphate
("triphos") as the solvent, Beychok (1974) states that Lurgi's
Phenosolvan extraction process (developed about 40 years ago)
uses isopropyl ether as the solvent, and Eddinger et al.
{1965) , have suggested the possible use of butyl acetate for
solvent extraction in the COED process. The FMC-COED
performance report indicates that the recovery of the aromatics
could have a beneficial effect upon process economics.
Recently, Boyer, DeGeorge and Wasserstrom (1980) have studied
the optimization of water usage in the Exxon Donor Solvent Coal
Ligquefaction Process; ligquid-liquid extraction was used to
remove phenols from the wastewater and the phenols recovered
could be sold as a byproduct.

Some studies of sorptive treatment processes for aqueous
solutions of pherol and phenolic derivatives have been reported.

Dedrick and Beckman (1967) have compared pore and homogeneous



diffusion models in a study of the adsorption of
2,4-dichlorophenoxyacetic acid (2,4-D) on activated carbon. The
sorptive process was found to be adequately described by a
solution to the unsteady-state diffusion equation adapted from
Crank (1973). A nmicrocore/macropore model was developed by
Famularo, Mueller and Pannu (1980) and it was found that this
model could gquantitatively predict the performance of carbon
columns for the adsorption of phenol and p-nitrophenol.

Baker, Clark, Jesernig, and Huether (1973) have reported
the sorptive recovery of p-cresol from process effluent and
Juntgen and Klein (1974) have described regeneration tests for
activated carbon loaded with phenol. Suzuki, Misic, Koyama and
Kawazoe (1978) have studied the thermal regeneration of spent
activated carbon using the technique of thermogravity analysis
(TGA) . It was found that phenolic organics gave high residuals
on activated carbon after heating to 800°C. The TGA technique
was also used by Chihara, Smith and Suzuki (1981) to study
thermal decomposition kinetics in the regeneration of powdered
activated carbon.

A principal tenet of this study is that recovery of the
phenolic contaminants of gasifier condensate could generate a
substantial economic credit for the overall process. Therefore,
if sorptive treatment with activated carbon were to be applied,
it would be highly desirable to recover the sorbate molecules
prior to carbon regeneration in, for example, multiple-hearth

furnaces. A secondary effect of the reclamation of phenols fron



coal conversion wastewater could ultimately be the reduction of

the demand for synthetic (petroleum-derived) phenol by the

plastics industry. Haberstroh and Collins (1974) indicate, for

example, that im 1970, 210 million gallons of benzene-—obtained

from petroleun--were used to manufacture phenol.

2.

This study provided the following information:

Kinetic and equilibrium data on the adsorption of some of
the contaminants existing in high concentration in gasifier
condensate that have 1little been considered in the
literature such as o-cresol, resorcinol and catechol.

An examination of plausible schemes for modifying the
sorbent regeneration process so that reversibly-bonded

phenols could be recovered.
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CHAPTER 2

RDSORBATES AND ADSORBENT

2.1 ADSORBATES

Condensate waters from the Bureau of Mines Synthane process
for coal gasification have been investigated with mass
spectrometric methods to determine organic contaminants by
Forney et al. (1974) . It was found that phenolic-type
compounds were the most abundant and present in concentratioas
ranging from 2,000 to 7,000 ppn. Among various phenolic
compounds, phenol along with its alkyl derivatives were the most
predominant. Dihydroxy benzenes were also present in high
concentration, with up to 500 ppm being detected in several
samples.

Throughout this study, attention was focused upon the
phenolic compounds that exist in significant amounts in coal
conversion wastewater, such as phenol, o-cresol, resorcinol and
catechol. Hydroquinone was also studied, but consistent results
were not obtained because of its tendency to form quinone in
alkaline solutioms. All sorbate species were obtained as the
chemically pure compounds from Fisher Chemical Company. Phenol,
resorcinol amd catechol were obtained in crystalline form;
and o-cresol in liquid fornm. Their properties are shown in
Table 1.

2.2 ANALYTICAL DETERMINATION OF SORBATE SPECIES

Measurement of the concentration of adsorbate in the



TABLE 1
THE PROPERTIES OF ADSORBATES

s =SS S ——— S IS S S

Adsorbates phenol o-cresol resorcinol catechol
F.¥W. 94. 11 108.14 110.11 110.11

M. P. (°C) 41 31 110 104
B.P. (°C) 182 191 281 246
pKa 9. 89 10.20 9.81 9.85
(20°C) {25°C) {25°C) (20°C)

Solubility 9.3 2.5 123 45

{(a/100gH20,

25°¢)




experimental solutions was accomplished by the standard test
method for phenolic compounds in water (ASTM D 1783-70) which
involves the reaction of 4-aminoantipyrine with those compounds
at a pH of 10. The antipyrine color is formed in the presence
of potassium ferricyanide and is measured by photometric method;
absorbance was measured against blank solutions at a wave-length
of 510 nm by means of a spectrophotometer (Bausch & Lomb,
Spectronic 600).

Standard solutions of the adsorbates were prepared for
calibration by dissolving accurately weighed quantities of each
compound in freshly boiled and cooled water. Appropriate
dilutions of +these solutions were made to give a series of
aliquots suitable for spectrophotometric calibration.

For the range of concentrations used in this work, all
solutions studied conformed to the Beer-Lambert law, showing
good proportionality of absorbance to concentration at the
wavelength used. However, some phenolic compounds with a
substituent in the para position do not produce color with
4-aminoantipyrine and the method is not suitable in those cases.
2.3 ADSORBENT

Activated carbon has long been a substance of great
inportance in removal of small concentrations of dissolved
organic compounds from aqueous solutions.Use of activated carbon
in advanced water treatment systems has been proven to be
effective and is widely applied to solve the problems of

purification of industrial effluents 1like phenolic wastes
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(Juntgen and Klein, 1974). Throughout this study, the activated
carbon used as the adsorbent was from Fisher Scientific Company
manufactured from coccanut charcoal (6 to 14 Mesh, Cat. No.
5-€85B) .
2.4 PARTICLE SIZE DISTRIBUTION OF ADSORBENT

Smith and Jordan (196€64) indicated that the 1log-normal law
serves as an excellent mathematical model for particle size
distribution analysis. The vast majority of dispersed systeas
such as those produced by milling and grinding, tend to follow
this model which is given by

2

1 {1lnx-1nH)

¥ = exp| - = (1)
ln og2v™T 2 1n og

wvhere M is the geomeiric mean particle size, 0g is the geometric
standard deviation, x 1is the particle diameter and y is the
probability density.

4 common method of gathering data involves some form of
observation and measurement of the number of particles falling
within a given size interval or the accumulated number smaller
or larger than a stated size. In this study the particle
nunbers were measured by image analysis of the actual carbon
sanple with a Bausch & Lomb Omnicon Systes.

The determination of M and 69 cam be made by a simple
graphical method; logarithmic probability paper is utilized and
the percent of all particles smaller +than a stated size is
plotted as a function of the 1logarithm of size as shown in

Figure 1. By the definition of M, its value is found at the 50%
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index; o0g is given by

84.13% size 50% size
o‘g = =
50% size 15.87% size

The results obtained from the analysis of adsorbent showed that

0.261 cm

M
and

0.0084 cm

ag

2.5 SPECIFIC SURFACE AREA OF ADébBBENT

Computation of specific surface area is an important method
for comparing potential adsorptive capacities of sorbent
materials. Gas-phase mneasurements were performed using a
Perkin-Elmer Shell Model 212D Sorptometer. In this method a
stream of gas is passed over a cooled sclid sample, and the
surface area of the sample is determined by measuring the amount
of adsorbed gas. The gas stream consists of a known mixture of
a suitable adsorbate and ar inert gas carrier. 1In general,
nitrogen is used as the adsorbate and helium as the inert
carrier gas.

The calculation is based on the BET equation, and a plot of
this equation yields the desired data. The BET plot is a
graphical representation of the BET equation:

P c-1 P 1

= + (2)
Vads (Po-P) Vm C Po Vo C

where P is the partial pressure of the adsorption gas, Po is the
saturation pressure of the adsorption gas over the solid sample

at the temperature of the coolant, Vads 1s the total volumn
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(STP) of adsorbed gas on the surface of adsorbent, Vm is the
volumn (STP) of adsorbed gas when the entire adsorbent surface
is covered with a monomolecular layer, and C is a constant
expressing the net adsorption energy. By plotting P/Vads{(Po-P)
VS. P/P0 , a straight 1line is obtained. The corresponding
calculation data sheet for the sample of Fisher activated carbon
is attached in Appendix A. The N; -BET specific surface area
obtained for adsorbent carbon is about 1,000 m®/gm.
2.6 THE POROSITY OF THE ADSORBENT

Precise measurement of the total pore volume of an
activated carbon can be done by displacement of an inert gas
such as helium to account for the micripore volume, and by
displacement of mercury to account for the macropore volume
(Weber, 1972). A good estimate can be mads, however, by boiling
activated carbon particles for an half hour or more in water,
drying superficially on a piece of filter paper, and weighing.
The method was very reproducible and would be expected to yield
a realistic porosity since the carbon was used in aqueous

solution. Porosity of adsorbent measured by this method was

0-42-



NOTATION

C Dimensionless constant expressing the net
adsorption energy

M Geometric mean particle size

P Particial pressure of the adsorptioan gas

Po Saturation pressure of the adsorption gas over
the s0lid sample at the temperature of the
coolant

X Particle diameter

b 4 Probability density

Vads Total volumn (STP) of adsorbed gas om the
surface of adsorbent

Vu Volumn (STP) of adsorbed gas when the entire

adsorbent surface is covered with
a monomolecular layer

GREEK LETTERS

og Geometric standard deviation

cm
mmHg

nmHg

cl

ml

cm
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CHAPTER 3
EQUILIBRIA AND CAPACITIES FOR ADSORPTION

3.7 REVIEW OF PREVIOGS WORK

In any sorptive study involving activated carbon, knowledge
of isotherms is essential, whether for system design or research
purposes. The capacity of the adsorbent for uptake of adsorbate
-=- the position of equilibrium attained —- determines the useful
l1ife of the adsorbent. Without the knowledge of adsorption
capacity, bed-life and location of the breakthrough curve cannot
be predicted and kinetic performance cannot be modeled.

Snoeyink, Weber, and Mark (1969) have studied the effects
of +temperature and pH wupon the adsorption of phenol and
nitrophenol on activated carbon. They €found a decrease in
phenocl-capacity of the carbon at lower pH and attributed it to
competitive interaction between the protons and carbonyl oxygen,
resulting in desorption of phenol. The adsorption capacity also
decreses im higher pH ranges. This behavior is attributed to
the repulsive forces between the sorbate anion and both the
carbon surface and the sorbed species themselves. Wang et al.
(1975) have pnoted that maximum sorptive capacity for organic
acids often occurs at a level of acidity where pH = pKa.
However, Snoeyink et. al. (1969) indicated that the effect of
temperature on isotherm capacity was found to be slight.

Mattson, Mark, Weber, and Crittenden (1969) have studied

the sorptive mechanisms of dephenolization with activated
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carbon. They suggested that these aromatic compounds adsorb
onto active carbon by a donor-acceptor complex mechanism
involving carbonyl oxygens of the carbon surface acting as
electron donors and +the aromatic ring of the solute acting as
the acceptor. Aromatic compounds with electron withdrawing
substituent groups (producing lower electron density in the
pi-system of the bezeme ring) will form stronger donor-acceptor
conplexes and adsorb in larger quantities on activated carbon.

Peel and Benedek (1980) have studied the attainment of
equilibrium for activated carbon isotherms. A review of
published isotherms for adsorption of phenol on activated carbon
indicates that there is a considerable inconsistency among the
reported isotherms which was attributed to the difficulty in
defining the attainment of +true equilibrium. They suggested
that granular carbon isotherms be evaluated over periods of at
least 30 days unless rigorous studies are carried out to ensure
equilibrium is obtained. The isotherms obtained by them were
described well fitted by the Freudlich equation in the range of
concentrations studied.
3.2 EXPERIMENT AND RESULTS

Although many studies can be found in the 1literature
pertaining to adsorption equilibria and capacities of carbon for
phenolic compounds, most of them concentrate upon the
low-concentration range equilibrium. For design purposes,
further information about the adsorption capacity covering high

concentration ramges is necessary. For example, in the study
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done by Juntgen and Klein (1974) on the purification of waste
water from coking and coal gasification plants using activated
carbon, the concentration of phenols treated by the pilot plant
ranged from 650 to 1,400 mg/l.

The main purpose of this portion of the study was to obtain
adsorption-capacity information for some phenolic contaminants
that occur in high comncentrations in gasifier condensate but
have been rarely considered in the literature; exanmples are
o-cresol, resorcinol and catechol. For design purposes, the
maximum concentration studied was 1,100 mg/l.

Isotherm studies were performed by preparing 5-1L batches of
adsorbate solutions 200 ml measures of these solutions being
placed in 250 ml flasks. A suitable, accurately weighed amount
of adsorbent (typically, 0.04 to 1.25 g) was then added to each
flask, the weights being varied so as to cover the range of
equilibrium solute concentrations of interest. For each study,
several flasks of solution were left without carbon for use as
blanks. The flasks were tightly sealed and placed in an
controlled-environment incubator to be shaken for 40 days. The
temperature was kept at 25 °C. Samples from each of the
solutions were analyzed at the end, the amounts sorbed were
computed from the difference between the concentrations of
adsorbate measured from the blanks and the depleted solutions.
The pH values at eguilibrium adsorption were approximately 7 for
resorcinol and catechol, and about 8 for phenol and o-cresol.

The relationship Dbetween adsorption capacity and
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equilibrium concentration was normally described by both the
Langmuir adsorption equation and the Freudlich adsorption
equation. The Langmuir treatment is based on the assumption
that maximum adsorption corresponds to a saturated monolayer of
solute molecules on the adsorbent surface and the assumption of
a constant adsorption energy. It is expressed as follows:

QbcC

(3)
1+ b C

wvhere ¢ is the Langmuir "momolayer™ capacity constant, C is the
equilibrium concentration and b 4is the Langmuir equilibriunm
constant. Although Snoeyink, Weber, and‘ Mark (1969) have
indicated that small sections of their data could be described
well by this equation , it was not adequate over the entire
range. Thus they also used the Freudlich equation, which has
the form

N
X=KGC {4)

where K and N are Freudlich equation constants. This is
basically an empirical isotherm but is often useful for data
correlation.

Equation (3) and (4) can be expressed as two convenient
linear forms, respectively:

C C 1

(3)
I Q Qb

and log X = log K + N log C {6)
In this study, data were amalyzed by computer with the

SAS-79 program to find the best parameters for both linear and
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nonlinear forms of each equation. The results are summarized in
Table 2 and Table 3. The Langmuir equation describes data
better in the linear form than in the nonlinear form. This 1is
attributed to the over-emphasis of the small concentration range
by the linear (logarithmic) form of the Freudlich equation.
Since the assumption of monolayer adsorption is not adequate at
high concentrations, there is not too much physical meaning for
the Langmuir eguation under these conditions. The Freudlich
expression was selected for use throughout this study because of
its better behavior at high concentratiomns.

Figure 2 through Figure 5 show the sorptive capacity of
activated carbon for each adsorbate versus equilibrium
concentration. The best nonlinear descriptions for both the
Langmuir equation and Freudlich equation are compared in each
Figure. The uptake capacities of four sorbate species are
compared in Figure €. Catechol shows higher uptake capacity
than resorcinol and o-cresol shows higher uptake capacity than
phenol; both comparisons indicate the effect of solubility --
lower solubility adsorbates tend to have higher uptake
capacities.

Mattson, Mark, Malbin, Weber and Crittenden (1969) have
indicated that +the hydroxyl group hydrogen is very likely
involved in intracomplex hydrogen bonding within the surface
complex. The present experimental work shows that the uptake
capacity of phenols with two hydroxyl groups is significantly

higher than that for compounds with only one hydroxyl group.



TABLE 2

PARAMETER ESTIMATION OF ADSORPTION EQUILIBRIUM EQUATIOCN
IN LINEAR FORM

Parameters Phenol O-cresol Resorcinol Catechol
Langmuir
Equation
0 2€63.74 252.54 292.65 331.76
b 0.01108 0.033€8 0.01299 0.01015
R-Square 0.9965 0.9994 0.9960 0.9915
Freudlich
Equation
K 49.992 88.193 42.521 52.678
N 0.23319 0.15878 0.28209 0.257¢1

R-Square 0-.9819 0.9217 0.9138 0.9424




TABLE 3

PARAMETER ESTIMATION OF ADSORPTION EQUILIBRIUM EQUATIOHN

eSS =Rl e

IN NONLINEAR FORM

22

i ca e
e,

Parameters Phenol O-cresol Resorcinol Catechol
Langmuir
Equation
0 256.79 244,85 282.20 307.28
b 0.01254 0.04176 0.01558 0.01467
Residual 580.81 1462.29 1665.29 4540.66
Freudlich
Equation
K 51. 494 92.245 50.352 55.009
1] 0.22810 0.15021 0.2524¢ 0.25034
Residual 344.30 1321.18 3248.96 1497.17
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In Figure 7, adsorption capacity data were plotted versus
reduced concentration ( i.e., equilibrium concentration divided
by solubility ) to exclude the effect of solubility. In this
manner, resorcinol shows higher uptake capacity than catechol;
this is probably attributed to the different stereo structure of
the adsorbates. O-cresol shows higher uptake capacity than
phenol; this is probably caused by the existence of the methyl
group as noted by Digiano and Weber (19€9) 1in a series
adsorption studies of 2-hexyl-, 2-octyl- and 2-decylbenzene

sulfonate.
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NOTATION

Langmuir equilibrium constant
Eguilibrium concentration
Freudlich egquation comnstant
Freudlich egquation constant

Ultimate capacity of the adsorbent
Langmuir "monolayer" capacity constant

Adsorption capacity

1/ng

ng /1

ng /g

ng/g
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CHAPTER 4

ADSORPTION KINETICS

4.1 INTRODUCTION

The use of activated carbon in adsorption processes has
become an effective and integral part of wastewater treatment;
therefore, knowledge of adsorption kinetics is very important
for the purposes of both mathematical modeling and design
optimization. Although the actual process in the wastewater
treatment operation is rather complex, a finite-bath system is
frequently used for adsorption kinetic studies because of its
advantages o0f expedient data colletion and the fact that no
complicated apparatus is required.

There are five consecutive steps in the adsorption process
of the adsorbate species upon activated carbon: (1) diffusion
of adsorbate through solution to the exterior of adsorbent, (2)
transport of the adsorbate species across the solid-liquid
interface, (3) transport of adsorbate within the pores of the
adsorbent, (4) adsorption of the adsorbate onto the interior
surface of the adsorbent, and (5) migration of the adsorbed
species along the solid phase, i.e., surface diffusion. The
resistance of each step acts both in parallel and in series with
others. The combination of those resistances controls the
overall rate of adsorption.

Prior to setting up the kinetic model it is necessary to

determine which of the steps in the adsorption process are
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significant and rate-limiting. UOsually, several simplifying
assumptions are required to make the problem tractable. With
good mixing, it is reasonable to assume that the concentration
of adsorbate in the solution is uniform, i.e., no concentration
gradients exist in the bulk solution. Thus, the diffusion of
the adsorbate species in the bulk solution is not significant.
It is also gemerally agreed that the adsorption process itself
is very rapid and does not represent the rate-limiting step in
the uptake of adsorbate as indicated by Weber and Morris (1963).
Surface diffusion is generally restricted to gases, it is
usually assumed to be insignificant in agueous systems except
for some solutes of low adsorption energy as noted by Dedrick
and Beckman (1967) and Brecher, et. al. (19€7).

As indicated by Zogorski, Faust and Haas (1975), the
overall mass transfer is generally considered to be governed by
external diffusion ( across the solid-liquid interface ) and
intraparticle diffusion. They also suggest several
characteristics of the adsorbent, adsorbate, and solution phase
that are of importance in determining the rate-limiting step
such as particle size of the adsorbent, concentration of
adsorbate, degree of mixing, etc.

Design parameters such as the diffusivity and the mass
transfer coefficient can be obtained by comparing a suitable
kinetic model with the experimental data. Those parameters can
then be used as model input for the design of continuous flow

packed bed or fluidized bed systems if the same adsorbent is to



be used.
4.2 KINETIC MODELS

Numerous adsorption models have been presented in the
literature. Most of these can be categorized as follows:
homogeneous solid diffusion models, pore diffusion models, and
uniform state models as noted by Famularo, Mueller and Pannu
(1980) .

In the homogeneous solid diffusion model, adsorptiom occurs
only on +the outer surface of the particle and the solute then
diffuses through the adsorbent under the influence of a radial
gradient in solid-phase concentration. ©No attempt is made to
relate the kinetics to the adsorbent particle structure in terms
of surface area, pore size distribution, etc. In the pore
diffusion model, the solute reaches internal surface sites by
diffusion through the pore liguid. Solute concentration in the
pore liquid is a continuous function of radial position and
solid-phase adsorption is assumed at equilibrium with the
adjacent liquid. The uniform state model is similar to the
homogeneous s0lid diffusion model in the assumption that
adsorption occurs on the outer-surface of the particle.
However, a single solid-phase concentration is used to represent
the average solute 1loading omn the particle, and the mass
transfer occurs as a result of the difference in solute
concentration between the particle surface and interior.

Weber and Chakravorti (1974) have given a comprehensive

review of those studies concerning the homogeneous solid

34
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diffusion and pore diffusion models. They compared them Dby
particle shape, system type, the phase in which adsorption
occurred, film resistance land the method of mathematical
treatment.

A microcore/macroshell model was developed by Famularo et.
al.  (1980) in which the adsorbent particle was assumed to be a
sphere divided into two uniform-state regioans: a macroshell
containing macropores and a microcore containing micropores.
This model quantitatively predicted the performance of carbon
columns from pure-sclute data for systems that follow
ideal-adsorbed solution theory which assumes that the identity
of neighboring molecules om an adsorbent surface has no affect
on the adsorptiom of a specific molecule, other than a reduction
of the number of sites available.

Among various models, that presented by Digiano and Weber
(1969) was chosen for this study because of its simplicity and
its ability to describe the batch adsorption process. This
model 1is based on the mass balance for a given incremental

radius, Ar:

RATE IN - RATE OUT + RATE OF RX = RATE OF ACCUMULATION

2 2 2

Nr4wr L - !n:lHrrL = @ (ecf+ (1-€ ) Cs ) 47r Ar (7}
+Ar ot

in which Cf is the fluid phase concentration, Cs is the solid

phase concentration, € is the porosity (fractional void space )

» and Nr, the superficial flux, is given by Fick's first law as
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aCt
N = = D —— (8)
ar

Dividing Egquation (7) by Ar and letting Ar approcach zero

yields
2
9 Cf 2 acft 3
D { + —_— ) = —— (€ CE+ (1 -€¢ ) Cs) {9)
2 r adr at
T

The corresponding boundary equations are:

Cf =0 0 r<a, t =20 {(10)

Cf = Ccfo r=a, t=20 (11)
@ Cf £ ? CE£

V—-——=-4 ma D r=a, t >0 {12)
dt ir

This is a pore diffusion model and £ilm resistance wvas
assumed to be negligible because of high agitation. It should
_be mentioned that the diffusity here is an "effective diffusity"
wvhich 1is an empirically determined quantity that should not be
confused with the diffusivity of solutes in pure liquid phase.

In this study, the Freudlich isotherm was used to express
Cs instead of Langmuir isotherm used by Digiano et. al.
because of its better fit to the nonlinear form of adsorption
capacity over a larger range of equilibrium concentrations. 1In

many studies appearing in the literature, activated carbon
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particles were sieved and only a narrow range of sizes were
selected for adsorption experiments. However, in this study,
carbon samples (with approximately log-mormally distributed
particle size) were used directly. A geometric mean radius (M/2
= 0.1307 cm) was used as the characteristic radius. The purpose
of this approach is to simulate the conditions in industrial
application.

4.3 EXPERIMENTAL METHOD AND RESULTS

The adsorption experiments were carried out in an airtight,
baffled cylindrical vessel of about 3 1liters capacity. A
four-blade leaf-type impeller was driven by a variable speed
motor. The temperature of the adsorbate solution was kept at
25°C during the experiment by immersing the reaction vessel into
a water bath maintained at the desired temperature.

For each experiment, exactly 2.5 1liters of adsorbate
solution were prepared at the desired concentration and
introduced into the reaction vessel which was then placed into
the coanstant temperature bath. The stirrer was inserted and
allowed to operate for approximately 1 hour prior to the start
of each experiment to allow the temperature of the liquid in the
vessel to equilibrate.

Prior to the insertion of an accurately weighed quantity of
carbon into the reaction vessel, a 5 ml sample of the liquid was
collected and analyzed for concentration of adsorbate to serve
as the initial concentration in each experiment. The adsorbent

was then introduced into the reaction vessel and rapidly
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stirred. In order not to interrupt the agitation ,the 5 ml
sample of the liquid was collected at selected time intervals by
using a syringe connected to a small teflon tube. The removal
of samples for analysis resulted in a small decrease 1in the
total adsorbate available to the adsorbent and a slight increase
in the carbon concentration. The total amount of sample removed
was less than 50 ml; the maximum error was less thaa 2% and was
considered to be insignificant.

All kinetic experiments were conducted at a stirring speed
of about 300 rpm (the impeller Reynolds number was about 2.0 x
10%). Preliminary studies indicated that the rate of adsorption
was independent of stirring at higher shaft speeds. Sufficient
agitation was provided so that film resistance could be assumed
to be negligible. Several adsorption experiments were conducted
at different temperatures using phenol and o-cresol as
adsorbates. The removal of adsorbates versus time at different
temperatures is shown in Figures 8 and 9. Because of negative
heat of adsorption, the equilibrium adsorption capacity should
be higher at lower temperature. However, as shown in Figure 8
and Figure 9, the experimental results indicate that the
adsorbate removal rate was significantly higher at higher
temperature. This phenomenon is apparently the result of the
functional dependence of diffusivity upon temperature. At lower
temperature, adsorbate species diffuse more slowly inside the
carbon particle, hence, less adsorbate can associate with

the carbon surface per unit time. The adsorption reactiomn is
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generally considered as not rate-limiting, and available
evidence shows that the overall rate of adsorption is governed
by intraparticle diffusion.

The experimental adsorption data <for phenol, o-cresecl,
resorcinol, and catechol are compared in Figure 10. The
adsorption of phenol by the same amount of activated carbon buat
with twvo different initial concentrations is compared in Figure
11.

4.4 MATHEMATICAL TREATEMET

The implicit finite difference numerical method of Digiaro
et. al. was used to solve the kinetic model as stated in
Equation (9), however some modifications were necessary in this
study.

The first step was to put Equation (9) into dimemnsionless
form. Solid phase concentration is expressed by chu( p/(1-€))
where K and N are Freudlich equation constants and p 1is the

particle density. Letting

2
&=r/a, 6 =Dtsa, ¢ = Ccf/Cfo,

N-1 N
a=KCf p , and o= a ¢

The dimensionless form of Equation (9) is

a’q, 2a¢ 2
‘a—?g*—g-a—g*-aﬁo—(édJ*d} (13)

which is then put into the finite difference equation.
Boundary equations {(10), (11), and (12) can be arranged as

a 2
V(Cfo-Cf) = 47 j (eCf + (1-€)Cs)r dr, 20 {14)
0
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or in dimensionless form at 4§ > O
3

4ma 1 Z
¢=1-————I (ep +06) £ d¢ (15)
v J0

The integral imn Equation (15) was calculated by Simpson's rule.

The calculation was performed with a PDP-11 ninicomputer.
The computer program and output results are attached in Appendix
B. The radial distance was divided into 50 increments. The
dimensionless concentrations for the outer 4 distance steps are
listed in the computer output under the symbol C(4€). It can be
easily seen that they are negligibly small because the
concentration gradient decreases very rapidly with distance from
the exterior of the particle toward its center. So for higher
efficiency, only the outermost 10 increments were actually
calculated and the concentrations in the inner increments of the
particle were assumed Zero. This is legitimate because the tine
period considered is omnly the first few hours.

If experimen*tal data conforms to the model, then a plot of
f versus time should yield a straight line with slope of D/az.
It can be noted from Figure 12 that the agreement is good. - The
calculated curve is compared with +the experimental data in
FPigure 13. As observed in Figure 13, the liquid concentration
decreases a little mcore rapidly than the calculated value after
the first hour. This is due to the error caused by removal of
the 1liguid samples and by the breakup of carbon particles,

resulting in an increase in particle number and a decrease in
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geometric mean radius.

The effective diffusivities obtained for different
adsorbates and under different conditions are summarized in
Table 4. It can be noted that the effective diffusivity will be
influenced by initial concentration. Lower initial
concentrations lead to higher diffusivities. This is probably
caused by the higher binary liquid diffusion coefficient of the
adsorbate at lower mole fraction since adsorbate species diffuse
through the pore liquid as in a binary liquid system. Under the
same conditions, the effective diffusivities of different
adsorbates are in the order of phenol > o-cresol > catechol >
resorcinol. This is 1likely caused by the difference in
molecular structures. The smaller, more regularly-shaped

species will tend to have higher diffusivities.



TABLE 4

EFFECTIVE DIFFUSITY

FOR DIFFERENT ADSORBATES AND INITIAL CONCENITRATIONS

e
——

Adsorbate Carbon Dosage Init. Conc. Diffusivity
{ gn ) ( mg/1 ) ( cm®/sec )
x 10
Phenol 16. 592 9.74
Phencl 16. 757 B.64
O-cresol 16. 737 8.54
Resorcinol 16. 748 4.17
Catechol 16.. 756 6.04

48



NOTATION

a Particle radius

cf Fluid phase concentration

cfo Inifial fluid phase concentraticn
Cs Solid phase concentration |
D Diffusivity

K Freudlich egquation constant

N Freudlich equation constant

Nr Superficial flux

r Radius parameter

t Time

GREEK LETTERS

N-1

a Dimensionless parameter (=KCfo 'P)

Fractional void space

m

49

ch
ng/ml
ng/ml
ng/ml

cm?/sec

ng/cn’/sec
cn

sec

gn/ml

) Dimensionless time parameter [=Dt/32}

'3 Dimensionless radius @istance7(=r/a3

p Particle density

] Dimensionless solid phase concentration (=(1¢N)

¢ Dimensionless fluid phase concentration (=Cf£/Cfo)
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CHAPTER 5
RECLAMATION OF PHENOLS

5.1 INTRODUCTION

The economic feasibility of the use of activated carbon in
water treatment processes is highly dependent on the
regeneration costs of the spent carbon. The development of
successful regeneration processes has greatly aided the
development and wider application of carbon adsorption
treatment. Thermal regeneration has been widely used as the
regeneration method. The most common industrial process for
regeneration of spent carbon, according to Remirez (1977).,
involves treatment in multiple hearth furnaces, in which the
sorbate molecules are volatilized and destroyed.

Thermal regeneration as practiced commercially, normally
consists of the process of drying at about 370°K, thermal
desorption (heating to about 1073°K), and high temperature heat
treatment in the presence of limited quantities of oxidizing
gases such as water vapor, flue gas amnd oxygen. As indicated by
Chihara et. al. (1981) , the second step is thought to be a
complicated process involving decomposition of the originmal
adsorbates and desorption of low-molecular weight pyrolysis
products, leaving adsorbed carbon.

It has been mentioned that the reclamation of phenols from
coal conversion wastewater is both economically and ecologically

sound. Himmelstein, Fox and Winter (1973) have done an economic
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comparison of alternate regeneration schemes including thermal
regeneration, solvent regeneration, and reactive regeneration
(adsorbed phenols removed by caustic soda). As the adsorbate
concentration of the wastewater for treatment increases, solvent
and reactive regeneration systems become increasingly attractive
vis~a-vis thermal regeneration, especially when valued materials
are recovered. In this situation, reclamation of phenols prior
to thermal regeneration may dJenerate a significant economic
credit for the owverall process. In addition, the recovered
compounds could relieve pressure exerted by the increasing
demand for petroleum used in the synthesis of phenol and its
derivatives.

Suzuki, Misic, Koyama, and Kawazoe (1978) have utilized the
technique of thermogravimetric analysis (TGA) to measure the
weight change when spent, granular carbon samples were heated in
an inert atmosphere. The base carbon was loaded with different,
single organic adsorbates, and the resultant weight change
versus temperature curves were divided into three groups
according to the ease of decomposition. Single desorption and
cracking steps were +then used to represent the numerous and
complex processes that occurred. Phenol, B-naphtol, 1liganin,
humic acid and other phenolic organics were categorized as Group
(III) compounds; these exhibited a gradual change of weight
with increasing temperature, and high residues on activated
carbons after the temperature attained 800°C. This suggests

that these organics when adsorbed on activated carbons, are not
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easily recovered by thermal methods alone. However, the
fraction of phenol which was decomposed and the fraction of
phenol which was desorbed while retaining the phenol structure
were not determined.

For the purpose of reclamation, it is important to know how
much of the phenol adsorbed on activated carbon can be thermally
desorbed while retaining the chemical structure, Ce¢H50H. In
this investigation, a reclamation process was studied to
determine the extent of thermal desorption.

5.2 EXPERIMENTAL METHOD AND RESULTS

Phenol was chosen as the adsorbate throughout this phase of
the investigation. The reclamation process investigated is
represented in Fiqgure 14. Activated carbon samples loaded with
phenolic compounds were put into a stainless steel heating
chamber ( 16 cm long and 1.6 cm I.D. ) as a fixed bed. I2r
heat was supplied by heating tapes and a Variac was used to
adjust the power input and thereby regulate temperature.

Nitrogen was selected as the inert carrier gas which was
preheated, and then passed through the heating chamber. An
iron-constantan thermocouple was used to measure the outlet gas
temperature. Because the gas flow rate was very small ( about
2.2 liter/min. S.T.P. ), the gas temperature was very close to
the wall temperature. Since the temperature difference of the
wall between the two ends of the chamber was very small, the
outlet gas temperature was representative of the average gas

temperature inside the chamber.



54

yiog -93]

ajiog dn-pjo

JN3HIOS NOILVAYIO3Y TON3Hd ¥L 34N9I4

S/

dwng ._o_owmw

o<

uoljdiosqy s

VY X X7
A AAXAANALN |

ywn[oo)

o
xnijay

e

%

(109K m I)

uwnEo;u
oc:um_.,_

a_asoo
~ouldayj




55

Desorbed phenol vapor carried by nitrogen was then
introduced into the bottom of a gas absorption column ( 1.5 m
high, 5 cm 0.D. ) packed with 1.6 cm 0.D. plastic Pall rings
and operated countercurrently. An alkaline absorbeant solution
was recycled by a centrifugal pump. A by-pass loop around the
pump was used to requlate the liquid flow rate and an one liter
hold-up bottle was installed bhefore the pump to avoid the
problem of cavitation. buring the experiment, the hold-up
bottle was placed in an ice bath to remove the heat due to
dissipation.

The carbon samples loaded with phenol were prepared by
immersing a known amount of carbon into a phenol solution which
was agitated by a magnetic stirrer and allowed a sufficient time
( 4 hours ) for adsorption. After the adsorption, the carbon
particles were separated and kept in a desiccator one week at
room temperature for drying. The phenol solutions were prepared
by dissolving accurately weighed phenol crystals din distilled
water; these solutions were used for preparing loaded carbon
samples by batch adsorption. The change in concentration of the
solution gave the amount of phenol loaded omn the carbon. The
final concentration of phenol solutions was around 600 mg/l
after adsorption. The amount of phenol loaded on each carbon
sanple ( 16 gm ) was about 2.5 gm, providing a typical 1loading
of 0.15 gm/gm.

The phenol desorbed from the carbon sample was captured and

accumulated in the caustic absorbent. In each experiment, 2.3
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liter of 0.2 normal sodium hydroxide solution was used as
absorbent which was recycled at a flow rate of about 3
liter/min. The hold-up liquid level of absorbent in the gas
absorber column was about 20 cm height during operation. 1In
such a situation, the phenol vapor carried by nitrogen was
assumed to be completely captured by the absorbent because
phenol is known to be easily converted to the phenoxide ion in
an alkaline solution and good contact between the liguid and gas
was provided.

The rate of phenol recovery can be obtained by monitoring
the phenol concentration of the absorbent at selected time
intervals. 5 ml absorbent sample was collected each time £from
the outlet of the hold-up bottle. A syringe was used to
withdraw samples. Sample collection for analysis resulted in a
small decrease in the total absorbent available. The total
amount of sample removed was less tham 50 ml; the maximum error
due to the change in volume was less than 2% and was considered
to be insignificant. Since the total space time for the 1liquid
in the system was very short ( about 45 seconds } and the
solution inside the hold-up bottle was assumed to be perfectly
mixed, the phenol concentration of the absorbent sample was
assumed to represent the average concentration throughout the
absorbent.

Four preliminary experiments were conducted by elevating
the gas temperature to desired levels inm about 30 minutes, with

sufficient heating for maintemance thereafter. The fraction of
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phenol recovered versus time was plotted in Figure 15. A
striking feature observed is that the fraction of phenol
recovered is very low at low temperature but increases rapidly
at higher temperatures. The maximum recovery of phenol achieved
was about 45% by weight when the gas temperature was elevated to
around 230°C. However, the fractional recovery is reduced
dramatically when the nitrogen temperature is further elevated.
The desorption-recovery occurred mainly in the first hour and
was almost insignificant after the second hour.

Another four experiments were performed under conditions
where temperatures were carefully coatrolled, and attention was
focused on the first two hours of each experiment. The first
three experiments were carried out by elevating the gas
temperature linearly with the same rate ( 6.8 °C/min. ) and
maintaining the gas temperature after 172°C, 243°C, and 278°C
were reached respectively. The fourth experiment was carried
out by elevating the gas temperature with a higher rate ( 11.1
°c/min. ) until 280°C was reached.

The experimental results were plotted in Figure 16 which
provides a clearer picture of how the desorption-recovery
process is influenced by elevated gas temperature. When the gas
temperature was lower than 172°C, lower temperature led to lower
recovery rate. However, when the gas temperature was higher
than about 243°C, slightly lower temperatures led to higher
recovery rates. The same tendency can be noted in the fourth

experiment; furthermore, the total recovery percentage was
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father low because the high temperature region was reached too
early, leading to pyrolytic decomposition.

This kind of behavior in the desorption-recovery process
can apparently be attributed to the result of the competition
between thermal desorption and pyrolytic decomposition. At low
temperatures, decomposition is not significant; hence higher
energy input leads to higher desorption rates and a higher
percentage of phenol loaded upon the carbon can be desorbed. At
higher temperatures pyrolytic decomposition becomes predominant;
thus if the high temperature region was reached too early phenol
on the carbon surface decomposed rapidly and 1little could be
desorbed. When the phenol on the carbon surface was mostly
destroyed, of course, no further recovery could be obtained and
this led to lower fractional recoveries.

5.3 KINETIC INTERPRETATION

Suzuki et. al. (1978) have set up two kinetic models to
explain the TGA curves obtained in their experiments, i.e., a
thermal desorption model and a thermal cracking model. Those
are based on two simple physiochemical characteristics of
adsorbed organics during the temperature rise period: (a)
thermal desorption of volatile organics initially adsorbed on
the activated carbon, and (b) decomposition of orgamnics on the
adsorbent surface where some of the volatile fragments produced
are vaporized. Those two models explained reasonably well the
TGA curves obtained from their Group (I) and Group (II) organic

classifications, respectively. However, they did not propose
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any model <for the Group (III) organics (of which phenol is a
member) .

Actually, in a thermal desorption process, thermal
desorption and thermal cracking proceed simultaneously. It is
very likely that thermal desorption is predominant for Group (I)
organics and thermal cracking is predominant for Group (II)
organics during the temperature rise period. However, for Group
(IIT}) organics, thermal desorption and thermal cracking occur at
comparable rates; and data cannot be explained by either
mechanism alone. In this study, a kinmetic model including both
thermal desorption and thermal cracking was developed to
explain the desorption-recovery experimental results.

As a first approximation, equilibrium desorption with a
Langmuirian isotherm was considered and a first order kinetic
expression for the decomposition of adsorbed pherol was assumed.

The model is given as follows:

dg g bP
o = B R g ) (16)
dt 1+bP

where g represents the weight of species retaining the structure

of phenol on the carbon particle surface. -Kq represents the

first order decomposition in which K is given by the Arrhenius

equation:

K = Ko exp( - E/RT ) {(17)
JobP/ (1+bP) represents the Langmuir isotherm in which

gdeorepresents the saturation adsorption capacity. The

equilibrium pressure P is not defined here, but during the



temperature rise period {(for the nitrogen stream) it is assumed
as a first approximation to be constant in the manner of Suzuki
et. al. (1978). The Langmuir equilibrium energy constant b is
written in terms of heat of adsorption Q as :

b = be exp ( Q/RT ) i (18)

The difference between g ahd dobP/(1+bP) represents the
amount of "free"™ (capable of being desorbed) phenol species
inside +the <carbon particles. K* 1is a constant which 1is
proportional to mass transfer coefficient; and the entire tern
of K'(g-qebP/ (1+bP)) represents the rate at which phenol is
desorbed, <carried away, and captured by gas absorbent. K', bhs,
and g,are assumed to be temperature-independent.

Following Suzuki et. al. (1978), a <rough estimate was
made by assuming that g~ g,is satisfied for the desiccated
carbon samples in order to solve Equation (1€). After
rearrangement and substitution of Equations (17) ard (18),

Equation (16) becomes:

d (9/9 ) 1
—d = =FRo exp{~E/RT) (3/9.) ~K' (9/9.~ . ) (19)
t
1+—exp (-Q/RT)
bo P

Let ¢ represents the fraction of phenol recovered as a

function of time which can be obtained by integration:

t 1
o(t) = K'(g/9, - ) dt (20

o 1
1+ exp (-Q/RT)

boP

There are five unknown parameters in Egquation (19). )Y



Hooke and Jeeves pattern search technique were used to find
those parameters. After initializing the parameter values,
Equation (19) <can be solved by a Range-Kutta numerical method
since the temperature can be expressed as a functiorn of tinme.
The fraction of recovery ¢ at different times can be obtained by
integrating Equation (20) by Simpson's rule. Eight ¢ values
from each of those four desorption-recovery experiments were
chosen; and the objective function for parameter searching was
the minimum of the sum of squares of the differences between
calculated ¢ values and experimental ¢ values. Because five
unknown parameters exist it is very hard to find the optimal
values. Proper initial values could be chosen by referring the
order of +the magnitude of those parameters obtained by Suzuki
et. al. (1978); nevertheless, many combinations of initial
values had to be tested.

The computer program and output results are attached in
Appendix C. A reasonable fit occurs when E = 33.8 kcal/gmole
‘and Q = 10.9 kcal/gmole. The calculated ¢ values versus tinme
were plotted 4in PFiqure 17 and compared with the experimental
data.

Little previous knowledge about the actual decomposition
reaction of phenol occurring on the carbon surface was
available. The actual reaction may not be first order; it is
also possible that several decomposition reactions occur
sinultaneously. On the other hand, it 4is questionable that

phenolic species are adsorbed omn the carbon surface with a
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constant heat of adsorption. Probably a continuous spectrum of
sorptive energies exist instead of a uniform value. Hence, the
use of the Langmuir adsorption isothern might not be
justifiable.

Since only very limited information is available, the model
of Equation (16) is incapable of determining E and Q values
precisely although the values of E and Q obtained are reasonable
in view of the magnitudes of available data. This model can
only be described as a rough approximation. Nevertheless, it
describes the experimental data very well. It might be useful
for a rough prediction of the desorption-recovery process under
other situations. Based upon this model, the optmized constant
temperature operation should proceed at a temperature of about
220°C for which a recovery of about 40% of the phenol loaded on
carbon could be achieved in about 40 minutes.

5.4 ECONOMIC FEASIBILITY

To bring a process to application, economic feasibility
must be considered. Although a precise evaluation is not
possible here, there are several things worth mentioning: The
absorbent solution containing recovered phenols is suitable to
the phenol plant as a rav material where phenol is recovered in
the product stream, and the residual caustic is a component in
the production of phenol. Thus not only is phenol recovered,
but also there is no charge for the caustic soda used due to its
use as a raw material as indicated by Himmelstein et. al.

(1973) .
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Since drying has already been included in the thermal
regeneration process, the desorption recovery process will not
need much extra energy because the thermal load necessary for
this purpose will reduce the energy requirement for the next
step in regeneration.

The desorption-recovery proceeds rapidly and a 40% percent

recovery is quite attractive and promising.



NOTATION

b,

Ko

Kt

Qe

o o

Bt

Langmuir equilibrium constant
Constant, Equation (18)

Activation energy of thermal cracking
First order rate constant
Pre-exponential factor, Equation (17)
Constant, Equation (1&)

Weight of species retaining the structure
of phenol on the carbon particle surface

Amount initially adsorbed
Saturation adsorption capacity
Heat of adsorption

Gas constant

Time

Temnperature

67

1/atn
i/atnm
cal/gmole®K
1/nin
1/min
1/min

gm

gm
g
cal/gmole“K
cal/gmole®K
min

*K
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CHAPTER 6

CONCLUSION

A very serious concern in the operation of coal conversion
plants is the +treatment of wastewater contaiminated by phenol
and phenol-derivatives. ©Earlier studies of sorptive treatment
of phenolic wastewater using activated carbon have been largely
limited to consideration of the behavior of phenol. In this
work, the sorptive behavior of several prominent phenolic
compounds in coal conversion wastewater was carefully studied;
particular attention was paid to dihydric phenols in view of
their affinity for water.

It was found +that resorcinol and catechol both showed
higher uptake capacities on activated carbon than phenol or
o-cresol. This kind of behavior is probably due to the
existence of two hydroxyl groups ir the molecular stucture
involved in the adsorption process on the carbon surface.
Experimental data also confirmed that lower solubility
substances will have higher uptake capacity, and the existence
of the methyl group had a positive influence upon the uptake
capacity of the activated carbon.

The effective diffusivities obtained from batch adsorption
experiments revealed a tendency for the smaller, more
regularly-shaped species to have higher diffusivities. However,
effective diffusivity will be a little different for different

initial concentrations, with lower initial concentrations
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leading to higher effective diffusivities.

Reclamation of phenols from coal conversion wastewater
might generate a significant economic credit for the overall
process. In addition, the recovered compounds could relieve
pressure exerted by the increasing demand for petroleum used in
the synthesis of phenol and its derivaites.

In the reclamation process investigated, the maximum
recovery of phenol achieved was about 45% by weight when the gas
temperature was elevated to around 230°C. However, the fraction
of recovery was reduced dramatically when the nitrogen gas
temperature was further elevated. This effect is apparently the
result of pyrolytic decomposition on. the activated carbon
surface. At low temperature, decomposition is not significant;
hence higher energy input leads to higher desorption rates and
higher percentages of phenol can be recovered. At high
temperature, pyrolytic decomposition becomes predominant; if
the gas temperature was elevated gquickly, the phenol species on
the carbon surface would be decomposed rapidly rather than be
desorbed. The evidence gathered im this study suggests that the
fraction of phenol loaded om activated carbon that can be
recovered is governed by the competition between thermal
desorption and pyrolytic decomposition. Based on the
constructed model, the optimized constant temperature operation
is to proceed at the gas temperature around 220°C and a recovery
efficiency of about 40% could be achieved in about 40 minutes.

2lthough the actual reclamation behavior might be different
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for other sources of activated carbon or other phenolic
contaminants in coal conversion wastewater, similiar behavior
can be anticipated.

Since the caustic solution absorbent containing recovered
phenols 1is suitable as a raw material to the phenol plant and
since the energy used could reduce the energy required for the
next step in regeneration, this reclamation process may prove to

be economically feasible.
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APPENDIX

Calculation data sheet for the N:-BET specific surface area
of adsorbent.

Computer program and output results for pore diffusion model
with simutaneous non linear adsorption.

Computer program and output results for desorption-recovery

nodel.



APPENDIX A

73

SAMPLE: Activated Carbon

Degassing time: 2 hours

Degassing temperature: 5000C

SYMBOL MEASUREMENT OR DIMENSION RESULT
CALCULATION
w2 tube + sample: 10.9732 grams
W, Weight of Sample tube: 10,9628 grams
w sample: 0.0104 grams
P, Barometric pressure mmHg 760
at T°K temperature
T Room temperature °K 273-16 + 25,71 298.86
760
f Correction factor for 0-3595 7798.86 | 0.914
STP conditions: =
P_-273 P
2y T
£ = oUowessm om g 3505
760»TR TR
Inlet pressure of in. 29.8
carrier gas (Helium)
£ Scap film transit sec. 38.3
time for
Vmeter Volume of bubble flow ml.
meter between two 20.0699
calibration marks
FC Flow.rate of Fhe' ml/min 31.44
carrier gas (helium):
po- 80
c tc nmeter
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SYMBOL MEASUREMENT OR DIMENSION RESULT
CALCULATION
Po Saturation pressure of mmHg average [
N, at the temperature easured 750.5
of the liquid N, used [x]
2
s, Area covered by one cc m /ml
(STP) monolayer 4.37
nitrogen
SYMBOL MEASUREMENT OCR DIMENSICN { FIRST SECOND THIRD
CALCULATION RUN RUN RUN
Inlet pressure of the SR 1 10.9 55 & 4
adsorption gas (N,) ’ 3 39.
tt Scap film transit time sec. 9. &
for total gas flow * 20.0 15.7
Ft Total (He + Np) flow ml/min
rate: 45.27 | 60.21 76.70
- 80
Ft Tt vmeter
t
F Adsorption gas (N,) ml/min
flow rate
13.83 28.77 45.26
= - P
Fa = Fy c ‘
Ades Area of the desorption counts
peak 46.44 47.72 42.63
Voal Volume of the injec=- ml
tion tube used 0.3584 0.3584 0.3584
Acal AFea of the calibra- counts 4.51 3.26 2.40
tion peak
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SYMBOL MEASUREMENT OR DIMENSION | I'IRST SECOND THIRD
CALCULATION RUN RUN RUN
V.ds Volume of adsorbed gas ml
. _ e . 3.690 5.246 6.366
ads cal
cal
vads Volume of adsorbed gas ml 3.373 4.795 5.819
corrected to standard
temperature pressure:
v =
ads vadsf
p Pariial pressure cf . mmHg
nitrogen 232.18 | 363.15 448.46
Fa
p=% P
F T
E
p/ Relative pressure of X*
PO nitrogen 0.309 0.484 0.598
(p, - ») mmkg 518.32 | 387.35 302.04
_ ml.mmH ‘
V. ds (po p} g | 1748.29 | 1857.39 1757.57
2, ml—l Y*
\% ( - p)
ads Fo TP 0.1328 | 0.1955 0.2552
*See one-point calculation
THREE~POINT CALCULATICN -
SYMBOL MEASUREMENT OR CALCULATION DIMENSION | RESULT
o The slope of the BET plot 1/ml 0.4181
6 y-intercept of the BET plot 1/ml ‘ 0.0007
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MEASUREMENT OR CALCULATION

SYMBOL DIMENSION | RESULT
Vm Volume of adsorbed nitrogen for a -
monolayer: ml 2.3878
_ 1
m T <+
S V s m2
o 10.435
S Specific surface area of the sample m2/g
s 1003.8
V s
g = 0.0
s W
ONE-POINT CALCULATION
SYMBOL MEASUREMENT OR CALCULATION DIMENSION |RESULT
ac The slope of the BET plot o' = “;' 1/ml 0.4298
Vm' Volume of adsorbed nitrogen for a
monolayer: ml 2.327
vV I = -...l........
m og !
s V 's 2
e D m: 1016.8
S." Specific surface area of the sample mz/g

977.7
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APPENDIX B

DIMENSION C(51),S5(51) ,CNEW (51) ,CC(51),CTEMP (51),

dSTEMP (51) , SNEW (51) ,IB(5) ,ST(5) ,SOLUTE(3)

50

70
€0

41

42

REAL K.,N

DATA ST/.00005,.001,.002,.005,.01/
DATA IB/2,39,5,10,10/

DATA R ,RO,EPS,ERR/.1307,1.08,.424,.005/
WRITE {5,%) YENTER DATA®

READ(5,1) (SOLUTE(I) ,I=1,3)

READ(5,%) CFI,GM,K,N

WRITE(6,2) (SOLUTE(I),I=1,3),CFI,GM,K,N
v=11.98/6G6GM

CE=K*1000. ®**N

A=CK¥CFI** (N—-1.) *RO

P=50.

L=40

ARR=12.5663706*%R**3./V

ITEST=0

KP=P

DELR=1./P

IP=KP+1

LL=1-2

Do 50 J=1,IP

CC{J)=0.

C(J)=0.

CNEW(J)=0.

S{Jy=0.

SNEW (J)=0.

C(IP)=1.

CNEW{IP)=1.

T=0.

bo 1003 1I=1,5

IN=IB(II)

DELT=ST({II)

IKK=10

IF(II.EQ.1) IKE=100

DO 1002 1IJ=1,1IN

DO 1001 IEK=1,IKK

INDEX=0

M=p

EM=M-1

COEF=DELT/ (2. *EM*DELE¥%2)

TERN= (ElM—1.) *C (M—1)

TERMS= ((EM+1.) *C (M+1) -2.%EM*C (M) + TERHN) *2.
IF (SNEW(M) —-CNEW-(M)) 41,42,42

CONTINDE
CC{H)=(EPS*C(H)+COEF*TEBHS-(SNEW{&)—S(H)))/EPS
CC (M) =ABS (CC (M))

IF (ABS (CC(M)-CNEW(M)) .GT.ERR*CNEW (M)) INDEX=1
CHNEW(M)=CC (M)

SNEW (M) =A%CNEW (M) **N

GO TO 43

CONTINUE
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SS=S (M) + COEF*TER NS~ (CNEW (M) -C (M) ) *EPS
SNEW (M) =ABS (SS)

IF (SNEW(M).LE.1.E-35) GO TO 39

CC (M) = (ABS (SS/A) ) ¥* (1. /N)

GO TO 40

39 CC (M)=0.

40 IF (ABS (CC(M)—-CNEW(M)).GT.ERR*CNEW(M)) INDEX=1
CNEW (M) =CC (M)

43 M=M-1
IF(M.GE.L) GO TO €0
I=KP
SUN1=0.

SUM2=0.

31 SUM1=SUN 1+ (I-1) **2% (EPS*CNEW (I) +SNEW(I))
SUM2=SUN2+ (I-2) *%2% (EPS*CNEW (I-1) +SNEW (I-1))
IF{I-1L) 33,33,32

32 I=1-2
GO TO 31

33 CONTINUE
PROD1=4. *SUM1
PROD2=2.*SUN2
COE=DELR **3/3.

GRAL=COE* (P*P* (EPS*CNEW (IP) +SNEW (IP))+ PROD1+PROD2)
CC (IP) =ABS (1.—GRAL*ARR)
IF (ABS (CC(IP)~-CNEW (IP)) .GT.ERR*CNEW (IP)) INDEX=1
CNEW(IP) =CC {IP)
SNEW (I P) =A*CNEW (IP) **N
IF (INDEX.EQ.1) GO To 70
T=T+DELT
Do 10 I=LL,IP
CTEMP (I) =C (I)
STEMP (I) =S (I)
C(I) =CNEW(I)
S (I)=SNEW(I)
SNEW(I)=SNEW (I)+ (SNEW (I) -STEHNP (I))
10 CNEW(I)=CNEW (I)+ (CNEW(I)-CTENP (I))
1001 CONTINUE
CPPH=C (IP) *CFI*1000.
IF (T.1T.0.2) GO TO 1002
WRITE(6,3) T,CPPM,C(IP),C(46)
1002 CONTIN UE
1003 CONTINUE
1 FORMAT (3A4)
2 FORMAT (/////15%, "ADSORBATE : ',3A4,
@8//15X, *INITIAL CONCENTRATION = ',F5.3,' MG/CC'/15X,'CARBON
@ DOSAGE = ',F4.1,' GM'/15X,'K = *,F7.4 ,5X,'N = ',F6.4//15X,
?' THETA =',8X,"CONC =',9X,'PHI =',10X,'C(46) ='/30%X,'( MG/L )"')
3 FORMAT (10X, 4E15.4)
STOP
END



ANSOREBATE

INITIAL CONCENTRATION = 0,392
CARBOM DOSAGE
K o= 51.493%

THETA =

0.+ 2000E+00
0+ 21L00E4+00
Q.+ 2200E4+00
Qe 2300E4+00
0+2400E+00
0, 2500E4+00
0+2600E+00
0 2700E+00
0.28B00E+00
0.2200E+00
Q+3000E+00
0+3100E+00
0+3200E+00
0.3300E4+00
0.3400E+00
0+ 3300E+00
Q. 3H00E+D0
0. 3700E+00
Q. 3800E+00
0.3900E+00
0. 4000E+Q0

0+ 4200E+CO

0+ 4400E+0C0O
Qe 48600E4+00
0. 4800E+00
C.S5000E+00
0, T500E+00
0. 6Q000E+00
C.63500E+0Q0
0+7000E+00
0.7500E+00
0.8000E+00
D.BI00E4+00
0.7000E+00
0, 750O0E+00
0+ 1000EFO1L
0.1100E+01
0.1200E4+01
0+ 1300E+01
0. L400E+0L
0.+ 1300E+01
0.,1600E4+01
0.,1700E+01
0.1800E+01
G 1R00E+0L
0., 2000E+01

FHENOL

16.0 GM

No= 0, 2281

CONC =

( MG/L )
0.,3615E+03
0,3HERE+03
0. BESREHOS
0. 3BRIEF03
0,349 7E+03
0.3473E+03
0, 3450E+03
0,3427E+03
0,3406E+03
0. 33HGEH03
04 3BEEE+0S
0.3346E+03
0, 3326E+03
0,3F07EHO3
0,3288E+03
04 3REVE+03
0+ BREOE+03
0.3231E+03
0 3RLIEF03
04 319AEF0H
0,31L7EEF03
0. 3136E+03
0.3097E+03
0. 305BES0S
0, 3018E+03
0,297 7E+03
0.2875E+03
0.2774E+03
0,2676E+03
0, 2582E+03
0. 2492E4+03
0+ 2407E+03
04 2327E+03
0,2252E+03
0.2183E+03
0. 2120E+03
0,2012E+03
0.,1925E+03
04 1BESE+OS
O L7YTEFOS
0.1747E+03
0. 1702E+0F
0. LOSFEFOS
0. 1ELTEHOS
04 157EEFOR
0 1S31E+03

MG/OC

FHI =

0.6107E+00
0.,6031E+00
0, OG99FE+00
0,85932E+00
0., 5%08E+00
0.3866E+00
0.5827E+00
0.5789E+00
0« S7SIEF00
0. S719E+00
0. 54685E+00
0.89651E400
0.5618E+00
0, 3586E4+00
0,3334E+00
Q. IE2AE+00
Q. 89490E+00
0,5458E+00
Q. 5427E+00
Qe D3PIE+CO
0.3363E+00
0. 3298BE+00
0.5232E4+00
Dy E1AHE5E+00
0, 5098E+00
0. 3029E+00
0.4857E+00
0. 46B4E+00
0.4520E4+00
0+4361E+00
0.4210E+00
0.4066E+00
0+ 3931E+00
0. 3803E+0C
0.3688E+00
0.358B2E4+00
0.3398BE+00
0. 3232E4+00
0.3134E+00
0.3035E+00
Q.2951E400
0.2874E+00
0.2802E+0C0
Q. 273IZ2ELQ0
D, 2860E4+00
0. 2U8E5E+00

Cid4s) =

0.0000E400
0. 0000E+0Q
0. 0000E+GO
0, 000QE+QQ
0.O0Q00E+Q0
0.0000E+00
Q. 0000E+00
0. 0000E+DO
0, 0000E+GO
0., 0000E+00
0. 0000E+00
0.0000E+GC
0., 0000E+00
Q. 0000QE+QO
0. 0000E+0C
0, 0000E+Q0
0, 0000E+00
0.0000E+00
0., 0C00E+OG
G, 0000E+Q0
0.,0000E+0Q0
Q. 0000E+QO
0. 0000E+00
0.0000E+00
0. Q0QOELOD
0.0000E+0C
0.0000E+00
0,0000E+00
0.0000E+00
G.0000E+00
0.0000GE+0Q0
0. D000E+00
D+ 0000E+00
0, 0000E+00
0. 0000E+GO
0, 3L96E~-37
0.331L9E-30
Qs P924E~-25
Q. 1608E-20
0.3180E-17
Ge1384E-14
Qe19F7FE-12
Q1204E-10C
GeAVI2E-07
0. EEFIE-Q8
O 7234E~07
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ARBOREATE $

IMITIAL CONCENTRATION =
CoRROM [OBAGE =

o= 51,4939
THETA =

G 2000EH00
0. 2100E+Q0
,-*OOE+OO
+ 23VOE+Q0
2400E+00
0.hu00h+00
0. 2600E+00
0.2700E4+00
0, 2B00E+00
0.2900E+00
0. 3000E+00
G.3100E+H00
0.3200E+00
0.3300E+00
0. 3400E+00
Ve 3TOOEAOD
0+ 3600E+00
0.3700E+00
0. 3BOOE+00
0+ 3P00E+0QO
0.,4000E4+00
0. 4200E+00
0 4400E+00
O, 4a00E+00
0+ 4800E+20
Q.I000E+CO
0LO000E+00
D.6000E4+00
Q. 6I0CEFCO
0.7000E4+00
0. 7EO0E400
0.8000E+00
G.BIOOE+0DO
0, P000E40G0
0. PH00E400
C.1000E+01
0.,1100E+01L
0.1200E+4+01
0.1300E+01
O LAQCEFOL
135060E+01
U+ 1HO0ETGL
O L7VGE+CL
0. 13800E+01
0. 1700E+01
0.2000E401

FHENOL

1é&.0 B

N o= G, 2281

CONC =
¢ MGAL 3
Q,491L3E+03
U, 4882E+03
0,4850E+03
0. AR20E+03
Q. 47FLE403
0., 4763E+03
UL 47IZEHDT
D 47086E+03
O, 4678E403
0.4651E+03
Q46235403
O, 4G5 4E+03
0,45464E+03
Qe aGE7VEFDE
Qe A508EH03
O 44?95405
O« 4450E+0
O.43$QL+OJ
Q. 4087F+Q3
O 4359E+03
O 4"”8E+05
0+ 4267E+03
QO A205E4+03
G ALAZEHC3
0.4083E+03
0. 4023403
Q. 3877EF03
D.373FE+0F
0, 3610E+03
Q349 1E+H03
U IIBIEHCE
G 32B7EH03
0, 32C3E+03
Ga3L3LE+03
Q. I067EFROF
O.30L1EH03
Q. 2913E+C3
s BILESFO3
0. 2753EH03
0+ 2674EH03
0. 2590E+03
e RHEOIEFQF
0. 241L2E+03
0., 2323E4+03
Q.2237E+03
D 21BTEHCE

0.757 MG/CC

FHI =

0,6493E4+0G
0, 6449E+00
Q. 6407E+C0
0, H3HBEHOQ
O AHI2FEF00
O+HE9LEHQQ
Qe H2IAEH0CO
Qs H2L7ERO0
D.&6180E4+00
D.6143E+00
Qe dLOAEFCO
Q. AHOHPELQQO
O+ H6032E400
0.3994E+00
Qs B956E+00
CLERL7ESCQ
O S87BESCGO
Q. 58385400
Q. 3798E4+00
Q. S75HBESQO0
0.S718E+GO
Qs 34636E+00
Qe oa3aE+00
O, 5473E+00

0, 3393E+00
O H314E+00
DeTL22E400
Q. A4840E+G0
G B769E+00
Q4461 1LERG0
0, 4449E4+00
D AJA2E400
0+4232E400
Qed136HE4H00
Qe a4052ESGO
0.,3978E4+00
0.3830E4+00
Qe 37406 +00
Qe 3HITESFGO
0. 3533E400
0+ 3422E+00
Qs E30TEAG0
G 31L8BAEHOD

0, 306WEF0G

G

Q. 2955E+60
(. 28A4FE+0C¢

G486y =
0. 0000E+00

DL0000E+00
Q+0000E4H00
O, 0000E4+00
Q.O0000EF00
GLO0Q0E+0D
G OO00EFG0
O,GOGGE+OG

SOOOOEFOD
o+uOhOE oo
GL.O0000E+00
O, OQ00EHQO
G. OCOOE+QO
QL. 00QRE+QQ
J.0000E+00
QL 000E+Q0
CLO00CE+GO
. 0000E+00
Q. O0Q0E+QO
QL0000E+00
O.0000E+00
OL.0000E+00
GLaOCOOEFO0
GLO0000E4+00
Q.0000E400
C.0000E400
QLO000E400
Q.O0000E+00
0,000G0E+00
Q. 0000E+00
L O000EFQD
0.89532E~-33
Q. 2570E-28
Q01260824
Q. 1801 E~21
D, S800E-1¢
Q. 3974E~1T
GL,7230E-12
Q. 1749E-09
O+ 1248E-07
0.3401E~04
Q3N EE-00
Be3L34E~-Q4

~ sl ey
DL, 1A7ZE~03




O 21LG0E+G
QL EB00E+Gl

Q. 2300E+OL
Q. 2400E4+01
0+ESDOF+Q1
u & a éJUUE 1"".:.1
Qe 270041
0 2B800E4+01
Qe 2P00E+OL
O SO00E+QL
D+ 3L00E+GL
0, 3200E4+01
D, 330CE+0L
0 FAQOE+O
O 3TC0E+GL
De FHQOEFOL
0. 37C0E+CL
e SEOOEHOL
O.3900GE+CL
DL AQ00ETC
0+41OGEPU]

G 4Z200E+01
O GE00E+GL
. A400E+0 L
Qe A300E+01
O AGO0ESFOL
. A700E+0 L
GL.A4800E+01
Q. 4900+
G+ H5000E+01

G 2078E4+03
G.2007E+03
O, 1942E403
0. 18BIE+C3
DL 1lB34E+03
G L790E+03
Qul?alE+0d
O l716E+03
0, 1685ER03
O, 16546403
Qs L&EFEF0E
0. L604E+Q3
0. LIBCEFO3
0. 1356EY03
O+ 1332E+03
Q. 1508E+03
QL 1a484E+03
D, 1459E+03
O, 1433E+03
G 1LA0&ERDE
O.1379E+03

0,L352E+03
0, L3EQE403F

0, 1397E+03
0.1270E+03
(31 1243E+03

f1217E403
Q¢1192E+$5
O, L16BEYCS
O.1144E403

O 27458400
0+2631E4+00
O 2HH6ELGO
0424?0E+00

s 2 ARFEAOC
99 LEAGEHFD0
DnmdlaL gelel
0. 2287E+00
0,2225E+00
9.218”E+ﬁ9
\.- e qu-i[_ (}O
Qe dl1EE+Q0

CL2087E4+00
0,2055E+00
0, 2024E+00
Ga 19936+00
G 1P&0E+C0
QL L927E+CO
0, 1893E+00
D.1838BE+00
O, L822E4+00
0.1783E+00
G4, 1742E+00
0. 1713E4+00
G.LE677EHFGO
0.1642E+60
0. 1&08E+00
Qe LEFEEFO0
O LS42E4+00
Qe lILIESOO

G 30HEE-0
Q.85850E-02
QLR FVRE-GE
0,1451E-01
G,l?EIEwOI

L@ A20E-G1
w’r.\i.:l PSE~GL
Ce3l4aE-01
0 IIPSE~01

D, 3EBLE~-0L
O,QfoL OL

()+‘41()”h “““
0. 418%E-01
D, 4280E-01
0, 43B1E~01L
. 4483%E-01
AGCORE -0
D.,4709E~01
0. 4811E-01
0.490A4E-01
0, 4785E-01
O+J S5 RE -
\.- ] .J?.UJ"W
0, 5148E-01
CeBl177E-Q1
O.51%8E-01
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ADSOREATE

N-CRESOL

INITIAL CONCENTRATICN = 0,737 MG/CC

LCARBON ROBAGE =
K = 92,2444

THETA =

0.2000E400
DeZ100E+CO
Qs 2200E4+00
0, 2300E4+00
0.?400E+00

s 2 B0QEAHQQ
O+2600E+00
Ce2700E4+C0
Q280051400
0.2900E4+00
Qs 300GE+00
O+ 3LO0EAHQC
Oy 32000+00
0+ 3300E+00
Q. IGOQEFQD
0« 3EO0ES00
C:3600EA4CO

0.37Q0E+0Q0
0. 3BO0ESO0
0. 3Q00E+00
G 4000E+00
Q. 42008400
Q. 44G0E+00
D 4AHCOETQD
0, 4800E+00
Q.3C00E+00
O+ SI00E+00
G HQOAE+00
Qe bHIO0EHQQ
GL.7000E+00
GL7E00E+00
C.B8000E+00
0.8800E+00
0. 9000E+Q0
Q. P300E4+0QC
O LOODESOL
Qs L100E+OL
Qe 1200E+01
D 1300E+HOL
O LAGQE+FO 1L
O+ 1LSC0E+01
Q. 1&GOEFD
O L700ERG]
U LBO0E+O]
0,1900E+01
Q. 2000E+01

o0 GM

N o= 0,1302

CONC =
¢ MGAL )
0, 430LE4+03
0. 4465E+03
Q. 4433E+03
0.4403E+03
Q. A375E+03
G, a4348E+03
G.4322E+03
0., 4296E4+03
Qa7 1E+03
0,4247E4+03
0. 4223E4+03
Q.A4199E+03
0. 417&6E+03
Qe 41E2E+03
Q0+4129E403
OvA4106E403
Q. 4083E+03
Q.a4060GE+03
Qs 4037E+03
Q.ADL4EH03
0.3921E+03
D, 3944E4+03
0, 3HPTE403
e 384FEF03
0, 3IBOOESH03
0.3780E4+03
{,3420E4+03
G J4BFEF0E
Qe JXHLEHO3
G 323%E4+03
Q. 312ZE+H0T
0. 30LLE+O3
0, 2904E4+03
O.2802E+03
0, 27086E+03
Ga261LAE+03
2402E+03
G.2320E4+03
Q,2218BE+03
Q. 213BE+0O3
0.2073E4+03
D, 20L86E405
Q. L964E+H0R
0. 191L9E+03
D, 18745403
0, 1830E+03

FHI =

G &L0VESO0
0., 6059E+00
0.56015E+00
0.IP74E+00
0.3236E+00
Q.EBPPE+00
0.3864E+00
0.5829E+00
0.S796E+00
Qe 37HIEHO0
0.3730E+00
0.36F8E+00
0+ 3H66EF00
0+3634E+00
0. 3602E+00

.55?1E+00

» SEA40ESQ0

.'“0”E+OO
O IF477EFQO
0. 3444E4+00
Q.+ 3413E+00

0,5352E+00

0. 3288E+00
0, 0233E+046
0, FLI&EH0Q
0. 5088E+00
0.4912E+00
O, 4734E+00
DL 4EE1EAOO
0. 4325E+00
Qe a4237E+G0
D+ 40B&E400
D, 3P41E+O0
0.,3802E+4+00
0,367 1LE+00
0. 3347E+00
0,3327E+00
0.3148E+4+00
Qe B0LOEFOO
Q. 2F0LEFQG
2 2 B1AEF00
0. 27 36EFC0
0. 20467EFC0
GL2604+00
D, 2045EF00
Q2383 E+00

Ci4ar =

CLOD00E+CQ
Q. 0000E+00
GLO00C0E+00
Q. 0000E+G0
0. 0000ELHQC
QL O000E+00
Q.O000E+0G
O, O000E+0C
Qs QO00E+QG
O.0000E4+00
0., 0000E+00
Q0. 00C00E4+00
O, 0000EF0D
Q. 0000EHOG
O, 0000E+00
O3, 0000E4+QO
0, 0000E+00
CLO000E+CD
OLO0000E4Q0
O, CG000E+00
O.OQQ00E+QD
QL0000+
O, O000EHCC
UeDGOOESGE
Q. 00005400
Q. 0000E+00
Q,C000ESGD
D.0000ESCS
QL O0C0E+0D
PDeO0COE+0S
0, 0000400
QL0000ES+00
QL O000E+00
O.0000E400C
CL.O000E4GD
0. 0000E+0G
0. 0000E+00
Q. 0CGOQE+QO
Q. 0000E+Q0
0. 0000E4+00
Q. O000E+QG
Q. E5179E--32
D;aa&@bw“&

U ¢3ud

Cim
Y4 BEH12E-21

CﬁéﬂOEE"L

82



ADSORRBATE 2

INTTLAL DOHCENTRATION

SO0RCINOL

CARBON DOBAGE = 16,0 GM

i{ = uJOO '{.J saj
THETA =

Do 2000E4+00
G, 2100E4H00
DLR2200E4H00
O 2EQOEFQO
(e FA0GE+O0
0 2EQ0EL0D
D 2600EHG0

FFO0ESQO
Qe 2BO0E+Q0

2RVGEFQ0
O,wuuoﬁ+00
Qe ZLOOE+00
2. 3200E400
O B3300E+0O0
0. 3400400
G 3AQOEHQQ
CLEEQ0E+00
QL. B3VQ0E+C0
G 3H00EFOG0
G, 3V00E+00
O 4000E+00
Ce4Z00E400
D:4400E+00
GodAO0E+O0
Dy ABOOESO0
O S000R+00
Q= 3GCQE+4Q0
Qe QOGREFGD
Q. 6500E+00
G.7000E400
G ?I0CREH00
G BOOCELQO
G BEH00EF00
GLP000E4HG0
DL PEOOEHO0
Q.1000E+01
0. L180E401
OLL200E4+0L
0, L300E+01
W l40GESGL
D, 1H00EF0
GL1600E401
O LACOELOT
0. LBO0ES0L
0L LHO0EFDL
oo GUOE+G]

N o= 02525

CONE =
¢ MG/ 3
O, 44675EF03
0. 4636E403
0, 4400E+03
PA566ET03
0, 45EGEFO3
GeATOHESOS
Qo a47AEH03
D, 4448E+03
O, 4421E4+03
0,4394E4+03
0., 4346BE+03
0. 4342E+03
0., 431 6E+03
0. 4291LE+GE
Qo ARAEES0SE
G A239E4+03
Q. 421 4E+03
G, 41EBEFOS
{41620
0. HLBEEH+CE
Q. 41LO9E403E
0, 40546E403
0. A4001LE+OE
0. 3947E+03
0. 3892E403
0. 3837E+03
Q. 3702E4+03
J-}SG;“' 1.4'{}3
0.3445E+0%
O, 3ZZ7EH0D
0. 32LEE+03
G.u1i3E§O§
0. 30L2E+03
0. 2934E+03
0. 285BEL03
Q. 2771E4+03
Q. 2877E+03
Ve 2HBIELOE
0. 2807E+03
D 2AZBEFOE
0, 2375E403
00236?540”
s wd40E+03
f“ 2171 I-_.*I{}L
D)PJOOEiﬁﬁ
e BORBEF0E

=0, 48

GGG

FHI =

G &250E+C0
D, 6198400
‘ * uld\}EJ O(}
Q G105E+00
Qs &0E2EHGO
0,6022E+00
Q,3084E+00
O, 59445400
CLO9L0EFOD
Q. 3873E4+00
. 3840E+00
CLBEOIESCO
Qa7 LERO0
QL E7IAET00
Q.05702E+00
0. 3668EF00
Q.IE33ZEFG0
Qe HHEFCEL00
OL,O384E400
QHI2FET00
Q.3493E+00
Q54228400
Q. 5350E4+00
Q02775400
Q. 5203E4+00
D OL30EA00
D, 4742E+00
0,47 74E+00
D AG0HESCO
0,4448E+00
O A4300E+00
Qe 41LAHZ2EFOO
D, 4036E+00
D, 3IFAFEA4Q0
0.3821E4+00
Qe E3FILEFQO
Q. 3ETREF00
Qe 3406E400
G« ZIH2ESQ0
D 32H0E+00
0.3172E400
0. 30BEELOD
O, 2FFEE4HQ0
G 2FQRES00
O AROTESGO

C2FL2ES00

Caa)

CLO000E+GO
G ODOOESTOD
QLO00QE+GD
Q. 0000E+C0
Q. 0000E+00
CaQOOOE+OG
Q0OQEHGD
Q. 0000E+00
G O000EFCD
0. 0000E+00
Q. GOROESGO
G OQOUOOE4OG
QL O0000E+00
G, 0000E400
Qs QOOOELGO
Q. 0000E4+00
O QQUOES DG
QuDGOOELGG
DL QO00E+Q0
Q.OCO0E+00
O, O0GOE+GD
G QOOGE+GO
O Q00GEHRGD
D QOGCLESTOD
e QOOOEFGE
O.0000E+00
L. Q000E+00
Q. Q000E4GD
GLOQ00GE4CO
QL GO00E+CO
0. O000EH00Q
D.1481E-36
OL3TFIE~S32
V.21 11E-38
D 3F27E~-2S
0.1814E-22
0, 3524E-18
O.7342E~15
D, 2F686E~12
0. 34L2E~10
0, 1540E~08
0, 3458E-07
G, 42 750E-0&
0. 3290E-050
QL LV R0E~-G4
QL a7E3E~04



ALBORBATE

INITIAL CONCENTRATION
CARRBON DOSAGE
KN o= &5.0091

THETA =

2 2000EF00

e 2 LOOELO0
Q2200400
U, RAGCEHDD
0.2400E+00
Oe 2500E+00
D SGOUEAQ0
Q. 2700E400
O 2H00E4+G0
0.+ 2900E400
O+ F0Q0ESQ0
O FLO0E+CO
0., 3200400
O« 3300E+00
0.340G084+00
0, 3500E+C0
O+ 3H00E400
0. 3700E+00
CLE3BOOEHCG
0.3900E+00
G a000E+OD
G 4200E400
Q. FA00EFQ0
D 4a00EFOD
0. 4800E+00
QL S00RESOD
QL AHOGEFOD
Q. SOGOELGQ
Q.H000EF+00
L 70Q0EH+O0
QL. 7H00E4+00
Q. BO0QELOD
e BISOCGELQC
QL PO00ELQ0
O« PIOQOEHGQ
DL LOQDESHD]
C.1L1l00E+0L
0+ 1200E+01
O L3OUEHOL
CalA00E+0L
Qo LIHGOESRQL
G 1A00E401L
Q. 1L70CEMDL
DL 18G0E+0L
G, 1900F4G1
O 2000E4+01

CaTECHOL

L&.0 BN
Mo QL2503

CONLG =
{ MG/L D)
O,4623E+03
0. 4380E+03
0.4340E+03
QL AE03E+03
D.a489E+03
Q4437E+03
0. 4404E403
0,437 7E+03
Q. 4349E+03
Q. 4322E+03
e G29HE+03
0. 4270E+03
G 4245E+03
Qe d4R22CGE+OE
0.,4196E+03
DLALVIESDS
Qe di1A7ELNS
Q.41 22E+03
D OYHES03
G.a40735+03
O GO4PE+O3R
¢o?° A0 3
I* {’ %r’E‘}'\J\"
G IEYEELQE
00,3847 L‘*O\S
Qs 3793E+03
0, 3668E+03
Q. 3837VE+03
0.3413E+03
0., 3294E+03
0e3182E+H03
Qe BOFEEFOS
s 2 F7FEETOS
0. 2BB3E+03
P,2797E+03
QL. 2722E+03
OL,2591E+03
Q. 2488E+03
0, 2399E403
0. 2326E403
f22E3E403F
0. 2204E4+03
Ui‘J."} E‘?(ﬂa
Q,JO“QE+O%

0.756

MEACE

FHL =

C (fJT.L'fJIZ O":‘
Q. GOEEEF00
G HOCEETC0
D2 3FSHEAC0
0. 5911E400
0, H8BESHGT
QL. EHR2BELO0
Qa S7F0EFGO
0 9753E400
CLETLFERGO
G, I68RE+CO
0, 0647E4+00
O,546L3E400
O, FUBIESCQ
D.8550E+00
Qidj'/L -0
0. H483E+00
2. BA453E400

O DAZ0EFC0
G, 53388E400
O U3TFE+00
Q. G290E+00
0. 9223E4+00
Q.alisEsrco
0, 3H08BEFOD
0. H020E+00
U, 4848E+00
Q. A447PEFC0
O 45}5F+GO

O 4ED&LL$Q
G 4048E4+00
O 3¥ESEFTGE
L HBLAELOO
O, 3702E+0C0
Qu3&01E+Q0
0. E427E+00
Qe IRBFEFCD
QuILFIET00
L AQF7EHGD
0.89F3E4+G0
09;. IJ.;.JE'%'{}Q
0, 28408400
CedPSEEAO0
0. 2583E+00
D R2&608E+00

Dida)y =

CLOUO0EFOQ
QO QGOOEFQO
QL ODGOESCD
Q. 00QGCE+OD
0. 0000E+00C
G 00GoE+QO
QLO000EHQO
GL-000GE+CO
DL O000E+00
. 000CE+Q0
QL. 0R0GE+00
0. COGQESTCO
O GOOCESHGO
LOO00EAGO
0¢OOGﬁE+QO
QL GUOGE+TGO
QL OOLOE+RGO
0, 0000E 00
Q. 0Q00E4+C0
Q. 0000E+0G
CLoOO0Q0E+0C
DL O000ET00
Q0,06 ”OE.IM'f
O g
Qs OOuL%vd
G OOQQE{UG
CeRQOOESQ0
QLO000EICG
QL O0O0E+G0
QLO000EFQ0
OfODQGE+ﬁO
s DOOOELOD
LO0GQESTOO
Qedhbﬁﬁ“ﬁé
'C s ABELE-32
e \.34 .J( I.- R Jn
O. LéLlgE-L
0, EREAE-19
Qe 3F7BE-16
0.1352E~13
Ds1561LE~L L
Qe 7OFIE~10
O LREFE-(08
0L EBLEE~OF
o224
e lodln

)

23

84



APPENDIX C

DIMENSION P (5)

COMMON IZI,NN,X(4,8),0D0(121),%(121)

COMMON N,I,D(5),B(300),T(300,5),0 (300, 5)

DATA X,/0.003,0.003,0.003,0.025,0.027,0.027,0.027,0.150,
#0.075, 0. 150, 0. 150, 0.207,0. 167, 0.330,0.227,0. 220,
#0.228,0.409,0.259,0.226,0.251,0.422,0.270,0.231,
@0.272,0. 425,0.280,0.241,0.275,0.42€ ,0.282,0.248/

WRITE(5,%) 'ENTER DATA!

READ(5,*) (T(1,L).,L=1,5)

READ(5,%) (D(L),1=1,5),H

WRITE(6,7) (T(1,L),L=1,5)

N=5

NN=1

po 17 1=1,5
17 9(1,L)="T (1,L)

I=1

B(I)=F(T(1,1),T(1,2),T(1,3) ,T(1,4),T(1,5))
999 CALL EXPLOR
IF(B(I). NE.B(I-1)) GO TO 77
Do 80 J=1,N
IF(D(J).GE.H) GO TO 88
80 CONTINUE
GO TO 100
88 DO 880 J=1,W
880 D (J)=D (J)/2.
I=I-1
GO TO 999
77 po 770 J=1,N
770 P (J)=2%T (I,J)=-Q(I-1,4J)
PB=F (P (1) ,P(2) ,P (3) ,P(4) ,P(5))
IF{(PB.GT.B(I)) GO TO 9
GO TO 999
9 DO 90 J=1,N
90 T(I,J)=P (J)

B(I)=PB
GO TO 999
100 NN=0

WRITE (5,%) *IT IS HERE'
55Q0=F(T(I,1) ,T(X,2),T(1,3) ,T(I,4) ,T(I,5))
7 FORMAT (/////15X, 'K (0) =' ,7X,'-E/R=",7X, 'K =',8%X,
@'1/B(0)P=',4X,'-Q/R=" /12X, 5E12.3)
$SQ=-5S0
WRITE(6,70) SSQ
70 FORMAT (////15%,'SUM OF SQUARES =',F6.3)
STOP
END
SUBROUTINE EXPLOR
DIMENSION P(5)
COMMON II,NN,X (4,8),0DQ(121),Z (121)
COMMON W,I,D(5),B(300),T(300,5),Q(300,5)
DO 5 J=1,N
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5 T(I+1,9)=T(I,J)

B{(I+1)=B(I)

DO 50 J=1,N

T(I+1,3J)=T(I,J)+D(J)

BE=F(T {(I+1,1),T(I+1,2),T(I+1,3),T(I+1,4),T(I+1,5))

IF (BE.GT.B (I+1)) GO TO 55

T(I+1,d)=T(I,dJ)—-D{(J)

BE=F(T (I+1,1),T(I+1,2),T(I+1,3),T(I+1,4),T(I+1,5))

IF (BE.GT.B (I+1)) GO TO 55

T(I+1,J)=T(I,Jd)

GO TO 550

55 B(I+1) =BE

550 Q(I+1,J)=T (I+1,J)
50 CONTINUE

555 I=1I+1

RETURN

END

FUNCTION F (A,B,C,D,E)

DIMENSION P(4,121)

COMMON ITI,NN,X (4,8),0DQ(121),Z (121)

F=0.

Do 7777 II=1,4

TX=0.

Yo=1.

Do 777 da=2,121

CALL RBRUNGE(1,1. ,TX,YQ,II,A,B,C,D,E,DQ)

0DQ (J) =DQ

777 CONTINUE

0DQ(1)=0.

CALL QSF(1.,0D0,Z2,121)

F=F-(X (II,1)-Z2(11)) **%2-(X(II1,2)-Z2(21)) *%2— (X (II,3)-Z(31)) **2
a—(I(II,u]-Z(u1))**2-(I{II,5)—Z(51})**2—(X(II,5)*Z(61}}**2
A= (X(IL,7)-Z(91)) ¥*2- (X(II,8)-Z (121))**2

IF (NN.NE.O) GO TO 7777

Do 77 Jz=1,121

77 P(II,JZ)=Z (JZ) *100.
7777 CONTINUE

IF (NN.NE.O) GO TO 7778

WRITE(€,7) {(p(11,J%2) ,32=11,€61,10) ,(P(11,J2) ,J2=91,121,30),

IT=1,4)

7 FORMAT (////15X,"RECOVERY %'//20X,'T= 10¢ ,3X,'7= 20',3X,'T= 30°¢
*, 3%,
@'T= 40',3X,'T= 50',3X,'T= €60',3X,'T= 90',3X,'T= 120'//16X,'A",
38F8.2//16x,'3',8F8.2//16x,'C',ﬁFB.Z/f16X,‘D',BFS.Z)

7778 CONTIN UE

RETURN

END

SUBROUTINE RRUNGE(N,H,X,Y,II,AA,B,C,D,E,DQ)

DIMENSION Y (1) ,F(10) ,0(10)

Do 15 M=1,5

GO TO(1,4,5,3,7) ,M
100 2 I=1,N
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g (I)=0
A: - 5
GO TO 9
1=1.707107
X=X+.5%H
DO €& I=1,N
Y (I)=Y (I)+A*(F(I)*H-Q(I))
0 (I)=2. %A%H*F (I) + (1. ~3. *2) *Q(I)
A=.2928932
GO TO 9
DO 8 I=1,N
Y (I) =Y (I) +H*F (1) /6.-Q(I) /3.
GO TO 15
GO To (91,92,93,94) ,II
T=X%*6. 8125+298.
IF (T.GT.445.) T=445.
GO TO 95
T=X%6. 8125+298.
IF (T.GT.516.) T=516€.
GO TO 95
=X*€.8125+298.
IF (T.GT.51€.) T=X*U4.375+516
IF {T.GT.551.) T=551.
GO TO 95
T=X*11.0784298.
IF (T.GT.553.) T=553.
DQ=(Y (1) =1./ {1.+D*EXP (E/T) ) ) *C
IF (DQ.LT.0.) DQ=0.
F (1) =—1. *AA%EXP (B/T) -DQ
CONTINUE
RETURN
END
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The use of activated carbon in the sorptive-treatment of
coal-conversion wastewater has been investigated. Sorptive
kinetics and equilibria were determined for a number of
contaminants that exist in high concentrations in gasifier
condensate, but have been little comnsidered in the 1literature,
such as o-cresol, resorcinol, and catechol. A
diffusion-controlled model with a nonlinear adsorption isotherm
was used to present the kinetic results. Since the recovery of
the adsorbed phenols would be desirable in terms of both process
economics and the reduction in demand for petroleum currently
used for synthesis, normal regeneration techniques would be
preceded by a reclamation process. The first step in the
recovery scheme entails thermal desorption, in which heated
nitrogen is passed through a fixed bed of phenol-loaded carbon
particles; the gas is then scrubbed with a caustic absorbent
solution. The maximum recovery of phenol achieved was about 45%
by weight when temperature was elevated to around 230 °C.
However, the fractional recovery is reduced dramatically when
the nitrogen temperature is further elevated. This effect is
apparently the result of pyrolytic decomposition on the carbon

sur face.





