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ABSTRACT

REDUCTION OF AQUEOUS CHLORINE WITH
GRANULAR ACTIVATED CARBON

A surface reaction rate expression was developed to describe
the heterogeneous reaction between aqueous free chiorine and granular
activated carbon. This expression was then incorporated into a pore
diffusion model and the relevant partial differential equations with
the corresponding boundary conditions were solved for the case of (1)
a constant concentration batch reactor and (2) a closed batch reactor.
The solutions were then compared to similar batch data in order to
evaluate the pore model constants. A packed bed reactor model was
then solved using the rate information from the batch mathematical
models and experimental data. The predicted results from the packed
bed model were then compared to experimental results which were col-
lected using applicable conditions.

The effect of particle size on the rate of removal of free
chlorine was investigated both in batch and packed bed column form.
The effect of pH on the rate of reaction was studied in the pH range
of 4-10. It was found that the pH only affects the rate insofar as it
affects the distribution of free chlorine between 0C1~ and HOCI.

Temperature effects were also studied in the range 2°-35°C.
The effect of temperature on the surface dissociation rate constant
was found to correspond to the Arrhenius law.
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I. INTRODUCTION

Free chlorine has been used in water treatment for many years.
Its primary use is for disinfection, although it has a number of other
applications, such as ammonia removal and taste and odor control. Free
chlorine residual is sometimes in excess of desired levels, and conse-
quently it has to be removed or reduced in concentration. This may be the
case, for example, after breakpoint chlorination, especially of wastewater.
A number of industries also require chlorine free water because of the
interference of chlorine with some industrial processes. These and many
other reasons illustrate the importance of having a well understood pro-

cess for the removal of free chlorine from water.

A. Literature Review

A number of processes have been developed for eliminating or
reducing free chlorine residuals from water, the use of sulfur compounds
being the most common. Activated carbon, hydrogen peroxide, ammonia and
ferrous sulfate have also been used. Snoeyink and Suidan (1975) conducted
an intensive literature review of the subject of dechlorination and some

of the material in this section was taken from that review.
1. Dechlorination with Sulfur Compounds

The most common procedure for reducing free chlorine residual
involves the use of sulfur compounds with sulfur in the +IV oxidation state.

Sulfur dioxide is the most popular among the S(+IV) species, the major



‘reason for which appears to be the cost of using it. Dean (1974) has esti-
mated that the cost of chlorination of a secondary effluent for disinfec-
tion followed by dechlorination with SO2 will be on the order of 1.2 to 1.3
times as great as chlorination alone.

Sulfur dioxide is generally purchased as a liquid which is then
_converted to a gas in preparation for adding it to water. The gas dissolves

readily in water forming sulfurous acid

SO2 + H20 P H2503 . 1.1

The H SO3 partially ionizes to give HSOS and SOZ, with the relative concen-

2
trations of these species being dependent on pH. Sodium bisulfite, NaHSOB,
and sodium sulfite, NaZSOB’ are salts which are also used as a source of
S(+IV) for dechlorination but these are generally more expensive and less

stable than SO, (Laubusch, 1971). A major advantage in using SO, is that

2 2

the equipment used for feeding it is the same as that used for dosing

chlorine (White, 1972). This similarity serves to cut down on equipment

variability in a plant and thus to reduce operational. difficulties.
According to White (1972), hypochlorous acid réacts with SO2

as follows:

+ 2 - :
302 + H20 + HOCT - 3 H + SO4 + (] 1.2

. with similar reactions being applicable when the other S(+IV) species are
used. Using Equation 1.2 as a basis for calculation, it can be shown that
0.9 mg of 502 is required per mg of chlorine, as C12, reduced. Similarly,

2.1 mg of alkalinity as CaCO3 is required to react with the Wt produced by




.
[

the reaction. If the H+ resulting from hydrolysis of gaseous C12 when it
is added to the water is included, a total of 2.8 mg of alkalinity is re-
quired per mg of chlorine. There is some evidence that the required S(+IV)
dose is a function of the composition of the water (Gagen, 1941).

The kinetics of S{+IV) dechlorination are very fast. White (1972)
states that it reacts nearly instantaneously with free chlorine. A search
of the available 1fterature has not revealed information on the effect of
pH, temperature and composition of the water on the kinetics. Because of
the very rapid reaction kinetics, mixing is the most important parameter to
be considefed when S(+IV) compounds are to be used for dechlorination.

The reaction between S(+IV) and oxygen

0, + 250

+ =
9 2 + 2 HZO > 4H + 2 SO4 1.3

is important and merits careful consideration. The extent to which it
proceeds will increase the S(+IV) dose, but, more importantly, depletion of
dissolved oxygen may necessitate a costly reaeration step if dechlorina-
tion is being applied prior to discharge of a treated wastewater to receiv-
ing waters. It also indicates the importance of avoiding any overdose of
S(+IV), which may be difficult in certain situations.

Sodium thiosulfate, Na25203, can also be used in dechlorination
but it reacts more slowly than the S(+IV) compounds and it can contribute

to sensory effects involved with taste and odor (Baker, 1964). It is usually

employed for dechlorinating water samples prior to bacteriological analysis.
2. Dechlorination with Hydrogen Peroxide, Ammonia and Ferrous Sulfate

Hydrogen peroxide has not been extensively used for dechlorination



although it may have some potential in this respect. According to Mishchenko

et al. (1960), the following reaction will take place.

+ -
HOC1 + H202 -> 02 (ag) + H + C1° + H20 1.4

This reaction is not thermodynamically limited (AG® = -36.3 kcal at 25°C)
but the kinetics of the reaction with free chlorine have not been well de-
fined. In view of the lack of information about the use of this compound
for dechlorination, it is obvious that much more remains to be learned if
the feasibility of using it is to be fully assessed.

According to White (1972) as well as others, ammonia and ferrous
sulfate can be used as dechlorinating agents. Ammonia can be used to elimi-

nate free chlorine via the breakpoint reaction,

'2'NH3 + 3 HOCT » N, + 3t + 3017 + 3 Hy0 1.5

or it can be used to convert free chlorine to combined chlorine. A very
long reaction time, approximately 20 minutes in the pH range 7 to 7.5,
must be allotted for the breakpoint reaction, however (White, 1972).
Ferrous ion, Fe+2, can also be used as a dechlorinating agent,
but its use is limited to situations where dechlorination is followed by
a solids removal step. When oxidized by chlorine, Fe+2 is converted to
Fe+3 which is very insoluble and which serves as a good coagulant. Sedi-
mentation -and/or filtration wou]d be required to remove it from the water.

According to White (1972), Fe+2 reacts readily with free chlorine.
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3. Dechlorination with Activated Carbon
a. Free Chlorine - Activated Carbon Reactions

Activated carbon has been used for dechlorination for some time.
The process was first installed in a municipal water treatment plant at
Reading, England in 1910. It appears to have been used predominantly for
the removal of free chlorine, although reference has been made to the fact
that it will also remove combined chlorine (Magee, 1956). Magee (1956) was
the first to conduct an intensive study of this process but despite the ad-
vancement which he and others following him have made, much remains to be
learned about it.

Investigators (Magee, 1956; Puri, 1970) have studied the reaction
between free chlorine and carbon and according to their findings, it can be

described by the following equation:
¢+ Hool - co” o+ HY o+ c1” 1.6

where C* represents the activated carbon and CO*Arepresents a surface oxide
on the carbon. Magee (1956) showed that when free chlorine is initially con-
tacted with activated carbon, there is an initial buildup of Cl-containing
species on the carbon surface. After a period of time, however, the chlorides
produced in the reaction are stoichiometrically equal to the‘free chlorine
removed from the aqueous solution in the reactor. Snoeyink et al. (1974)
also observed similar results.

The hydrogen ion produced in accordance with Equation 1.6 is im-

portant because it may necessitate a pH adjustment step subsequent to



dechlorination. The problem of a pH decrease becomes more severe if ch]oriné
gas is used as the source of chlorine. Chlorine gas hydrolyzes to produce

H+ when added to water. The stoichiometry of the reaction in Equation 1.6
requires further study with respect to production of H+, however. Based on
this equation, it is predicted that no H" will be produced if 0C1™ reacts

in place of HOC1. However, Olson and Binning (1974) and Snoeyink et al.
(1974) noticed a pH drop when OC1~ reacted, the reason for which was not
determined. It may be attributable to the formation of a surface oxide in
the form of a carboxyl group which §ubsequent1y ionizes to produce the H+,
however (OTson and Binning, 1974). In experiments carried out by the author,
no H production was observed when the carbonate system was in equilibrium
with the atmosphere. Thus, the drop in pH observed by 0Olson and Binning
(1974) and Snoeyink et al. (1974) could be attributed to CO2 dissolution

from the atmosphere.

The production of surface oxides via Equation 1.6 is important
because of their effect on the dechlorination reaction as well as on the
adsorption of organic compounds by the carbon. Magee (1956) attributed the
gradual reduction in efficiency of dechlorination of a cérbon bed to the
gradual poisoning of the carbon surface with these oxides. He also observed
that these oxides were unstable to a certain degree because CO and CO2 were
released to the solution. That this does occur is fortunate because it prob-
ably results in extended 1ife of the carbon for dechlorination.

Using the analytical procedure of Boehm (1966), Snoeyihk et al.
(1974) studied the accumulation of acidic surface oxides as a function of

the amount of free chlorine reacted. As the amount of chlorine reacted




increases, the surface concentration of NaOH titratable oxides reached a
plateau as can be seen in Figure 1.1. At the plateau value, approximately
15 mmoles free chlorine (1.06 g as C12) have reacted per. gram of carbon.
Many‘of the titratable oxides were relatively volatile in nature and could
be removed by drying at 105°-110°C or, alternatively, by drying and out-
gassing, as shown in Figure ].1.' The same study showed that the oxides re-
moved by this procedure had Tittle effect on adsorption of phenolic compounds.

Only a small fraction of the oxides which were produced via

Equation 1.6 were titratable with NaOH. On the basis of the reaction stoi-

chiometry, a one-to-one correspondence between oxides‘broduced and chlorine
reacted is expected. Such was not the case, however. Only 1.5-2 mmoles of
titratable oxides were formed for 15 mmoles reacted per gram; also the in-
crease in oxides was not linear but reached a plateau. Some of the oxides
were probably evolved while others were not titratable with NaOH. It was
also found possible to nearly double the concentration of NaOH titratable
oxides by using three sequential treatments of the carbon with 15 mmoles
chlorine per gram, with each treatment being followed by drying of the carbon.
The surface oxides which result from reaction with chlorine also
affect adsorption of organic compounds. Figure 1.2 (Snoeyink et al., 1974)
shows the decrease in capacity of carbon for p-nitrophenol as a function of
fhe amount of chlorine reacted. Each treatment with chlorine was followed
by drying of the carbon at 105°-110°C prior to the adsorption studies. The
value at 60 mmoles/g was obtained by using carbon which had been reacted
with 15 mmoles chlorine per gram four times and dfied after each treatment.

The decrease in capacity may possibly be attributed to destruction of the
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carbonyl functional groups or to pore b]oékage by the surface.oxides. These
results are generally consistent with those of Coughlin et al. (1968). The
effect on adsorption of other types of organic compounds may well be differ-
ent than was observed for p-nitrophenol, especially if the compound will re-
act specifically with the surface oxides which are formed.

In batch systems, a distinct brown color was found in solution
after reaction of approximately 15 mmoles chlorine per gram of carbon
(Snoeyink et al., 1974). Boehm (1966) similarly found brown colloidal
matter in suspension after extensive oxidation of carbon. O1Son and Binning
(1974) observed a similar material and noted that a certain portion of it
was not adsorbable by carbon. Snoeyink and Suidan (1975) observed that
this color appeared in the effluent.from a carbon dechlorination bed after
about 3 grams free chlorine, as C]Z, had reacted pef gram of carbon in the
bed. It should be noted, however, that the amount of chlorine which must
react before the color is produced is near the amount that reacts during
the life of a typical dechlorination bed (as defined by a preset break-
through concentration) as given by Hagar and Flentje (1965). If alterna-
tive designs of the bed are used, the production of color by the cakbon
bed, rather than the appearance of chlorine in the effluent of the bed, may

signal the need for regeneration or replacement of the carbon.
b. Dechlorination Bed Life and Regeneration

There is Tittle quantitative information available on the life of
dechlorination beds or on procedures which will allow the prediction of bed

life under different conditions. One exception is the set of curves presented
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by Hagar and Flentje (1965) as reproduced in Figure 1.3, although no infor-
mation is given on the procedures which were used to develop these curvee.
Using a concentration of 0.01 mg/% chlorine to define breakthrough, Hagar
and Flentje found bed 1ife to be a significant function of influent chlorine
concentration, hydraulic loading rate, temperature, pH, and particle size of

the activated carbon. Calculations made from these curves show that at an

~influent concentration of 1 mg/% of free chlorine, 1 g of 8 x 30 U.S.

standard mesh carbon will react with 0.28 and 2.1 g chlorine when loaded

at rates of 2 and 1 gpm/ft3, respectively, while 1 g of 12 x 40 mesh carbon '
will react with 2.1 and 12.5 g chlorine when hydraulic Toading rates of 2
and 1 gpm/ft3 are used, respectively. If 2.1 g chlorine react per g of
carbon at the 1 gpm/ft3 loading fate, a bed Tife of 12.5 years is predicted

for a 2.5 foot bed depth. This period of time is very long, however, and

it is expected that adsorption of organics which would cause a decrease in

dechlorination efficiency would necessitate regeneration much before the
12.5 years.

Care must be exercised in using Figure 1.3. If Equation 1.6
correctly represents the reaction, only 5.9 g free chlorine can react per
g carbon before each carbon atom has combined with an oxygen atom if acti-
vated carbon is assumed to be 100 percent carbon. But if each carbon atom
can accept 2 oxygen atoms, then 17.7 ¢ ch]orine/g carbon represents the
maximum. The type of oxide formed is important in this respect. If the
reaction were to proceed to these limits, all the carbon would have been
converted to CO or C02. Prior to complete conversion, however, the carbon

particles would fragment with the smaller particles escaping from the bed
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and the dark color, as noted above, would also be produced. It is not ap-
parent that Figure 1.3 takes these latter phenomena into account.

One possiblevmechanism of reaction which could significantly
affect bed Tife and which merits discussion concerns the catalytic destruc-
tion of HOC1 by carbon as follows:

2HOC1 ~ 2H + 2017 + 0, 1.7
This reaction is thermodynamically favored as can be shown by free energy
calculations. Preliminary monitoring of dissolved oxygen during dechlori-
nation has shown no significant change in concentration, however, thus re-
ducing the probability that this reaction is important (Snoeyink and Suidan,
1975). Magee (1956) similarly found no increase in dissolved oxygen concen-
tration during dechlorination. .

The original activated carbon dechlorination efficienéy can be
regenerated by heating the carbon to temperatures in excess of 500°-700°C
(Magee, 1956). Boehm (1966) and Puri (1970) noted that carbon must be
heated in an inert atmosphere to a temperature exceeding 1000°C in order to
evolve all oxides, thus indicating that elimination of all oxides is not
necessary to reestablish the original dechlorination efficiency.

A large weight loss may be noted during regeneration. The very
extensive surface area of carbon can hold a large number of oxides and the
carbon evolved with the oxides can be significant. If Equation 1.6 is cor-
rect, for example, each part by weight of free chlorine requires 0.17 parts
by weight of carbon. Because many of the oxides formed as products are at-
tached to the carbon, a very significant portion of the weight Toss will take

place during the regeneration step.
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Stuchlik (Smisek and Cerny, 1970) reports that carbon in pressure
dechlorinators can be. regenerated by steam treatment. The exhausted bed is
first washed with a basic solution to remove the acid which has formed during
" the dechlorination reaction. Then 105°-110°C steam, 1 atm gauge pressure,
is introduced at the top of the bed. Several hours are required for the
steam to heat the bed; steaming is continued for about 1 hr after steam
first appears in the effluent of the bed. After steaming, the carbonvis
rinsed and returned to operation. Stuchlik indicates that regeneration
treatments after the first regeneration are necessary after successively
shorter time intervals and after a time the carbon will require replace-
ment. He also notes that in gravity fed dechlorinators, some recovery of

capacity can be achieved by washing with caustic solution.
c. Rate of Reaction and Modeling of Dechlorination Beds

Magee (1956) studied the rate of reaction of free chlorine with
carbon in a column apparatus and claimed that his results generally agree
with the surface reaction being the rate 1imiting step. He observed that
an initial stage, which he called a diffusion controlled stage, was in ef-
fect prior to initiation of the surface reaction rate controlied step. The
initial phase was observed to last for approximately 1000 bed volumes when
the inlet concentration of free chlorine was 30 mg/% as C12. Subsequent to
this initial period, he found that the removal rate cou]d be described by

the first order rate equation,

= - kC 1.8
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which, for the initial conditions of concentration C = CO at time t* = 0

integrates to,

_ ~kt*
C = Coe 1.9

The time parameter, t*, in this case represents the time of contact of the
chlorinated water with carbon.

Although Magee's (1956) model is based upon the surface reaction
being the rate Timiting step, it is not apparent that the diffusion con-
trolled step can be eliminated from an accurate model which describes the
reaction. Magee found that the reaction rate constant was inversely pro-
portional to the particle size of carbon, an observation which is incon-
sistent with the surface reaction being rate controlling because the total
surface area of an adsorbent generally varies very little with particle
size. What Magee failed to note was that the inverse proportionality be-
tween k and particle diameter indicates a diffusion controlled mechanism
in the case of a first order surface reaction (Levenspiel, 1972). Addi-

tionally, Magee reported that the reaction rate doubled for a temperature

increase of 20°C for the range 0 to 90°C. This temperature effect corresponds

to an activation energy of 5.5 to 8.6 kcal/mole, values which correspond to
those generally attributed to a diffusion controlled reaction rate
(Helfferich, 1962).

Magee (1956) found the rate constant to be an important function
of pH, with the value at pH 4-5.5 being four times greater than the value
at pH 8.5-10; marked differences in the efficiency of different types of

carbon were also observed.
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Magee's (1956) model does not take into account the poisoning, or
reduction in reaction rate, which occurs as the extent of the reaction in-
creases. The data on which he based his modeﬁ were taken after a signifi-
cant amount of chlorine had reacted with the carbon and it was assumed that
a further reduction in rate as the reaction proceeded would be negligible.
Equation 1.9 thus predicts that a dech]orinatidn bed operating under a given
set of conditions will produce a given quality of effluent indefinitely, and
this prediction 1s'contrary to observed results.

Kovach (1971) proposed the use of bed half-length (bed length re-
quired to reduce the influent concentration by one half) for the design of
activated carbon dechlorination beds. No information was provided on how
his data were collected. As stated previously, Mégee (1956), and Snoeyink
and Suidan (1975) observed that dechlorination columns operate at an unsteady
state, at least initially. Consequently, it is meaningless to even propose

the use of bed half-length for the design of such reactors.

B. Objective of Study

Preliminary investigations indicate that the design of activated
carbon dechlorination reactors on a steady state basis is very erroneous and
may lead to excessive over-design. The objective of this study was to de-
velop a theoretically sound model for the dechlorination process.

The model utilized a proposed theoretically derived surface reac-
tion rate expression based on Langmuir-Hinshelwood kinetics. This reaction
rate expression was incorporated into a pore diffusion model. Closed and

constant concentration batch reactor data were then used to evaluate
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constants in the proposed model. Once the constants were evaluated, the
pore model was incorporated in a packed bed model to predict the time vary-
ing effluent quality from an activated carbon dechlorination bed. ‘The pre-
dicted breakthrough curves were then tested against experimental data to
verify the va]idity'of the proposed approach.

The pore model includes a particle diameter term, and the model
was tested for particle diameter effects by comparing experimental data
with predicted results.

Hypbchlorous acid dissociates in water according to

HoC1 = HY + 17 | 1.10

Because of the effect of pH on the composition of free chlorine, model con-
stants were evaluated for different pH values.
Finally, since both the diffusivity and the surface reaction rate

are functions of temperature, temperature effects were also evaluated.
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I1. THEORETICAL -ANALYSIS

The reaction between aqueous free ch]orfne and granular activated
carbon is heterogeneous in nature. A free chlorine molecule has first t6
migrate to an activated carbon Site. This transport involves bulk and sur-
face film transport which are functions of the hydrodynamics of the reactor
and finally pore diffusion, since activated carbon is highly porous with
practically all the reactive surface situated inside thekgranuIe. In this
study, it was assumed that the major resistance to free chlorine transport
occurred in the activated carbon bore. This assumption was verified experi-
mentally by running identical closed batch chlorine-activated carbon experi-
ments under different mixing conditions. For low mixing rates, the rate of
free chlorine reduction increésed with increasing mixing rates. As the
mixing rate was further increased, the concentration vs. time curves coin-
cided indicating that above a minimum mixing intensity, no appréciab]e bulk
or surface film transport resistance was present. 1In all batch experiments
carried out in this study, the mixing intensity was maintained within the
range where no external transport resistance was observed. It was further
assumed that the outward diffusion of reaction product from the activated
carbon pores did not interfere with the forward free ch1dr1ne diffusion.
This assumption is usually true in dilute systems such as the one studied
here.

The assumption that all resistance to transport occurred within
the activated carbon pores is very commonly employed in the study of reac-
tor kinetics. Petersen (1965) stated that "concentration differences be-

tween the bulk fluid phase and the external surface of a catalytic pellet

[OT—
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owing to external diffusion limitations is never observed in the absence of

corresponding larger concentration gradients within the pellet."

A. Surface Reaction Rate Expression

The reaction between free chlorine and activated carbon can be

described by (Magee, 1956; Puri, 1970):
C* + HOC1 - CO* + H + ¢1° 1.6

where C* represents an activated carbon reaction site and CO* represents
a surface oxide on the carbon. The above reaction is heterogeneous and it
was assumed that it proceeds by a simple reversible adsorption-desorption

step followed by a simple irreversible dissociation step.

~

| 1
C* + HOC1 2z CHOC1* 2.1
Ky
k
3 N i
CHOC1* ~» CcOo* + H' + ¢l 2.2

where CHOC1* represents an adsorbed free chlorine molecule and k], L2/SITE-T,
KZ’ M/SITE-T-L and k3, M/SITE-T+L are rate constants. Here L, M, T and SITE
stand for length, mass, time and surface site, respectively.

Some of the reactive carbon sites are oxidized as the surface
reaction proceeds. Magee (1956) observed that some of these oxides were
released to the solution as CO2 and CO. When such a release occurred, it
was assumed that the site was regenerated. As a result, the total number
of surface sites, Cz, remains constant. A material balance on the surface

sites yields
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* .
Ct = C* + CO* + CHOC1* 2.3

In the above equation, the symbols refer to the concentrations of the

respective species. The units for all four surface species are SITE/LZ.
In this study, the dissociation step of the surface reaction was

assumed to be rate 1imiting, and consequently the adsorption-desorpation

step was assumed to be at equilibrium. This is expressed by

K] cxC = k2 CHOC1* 2.4

where C represents the free chlorine concentration, M/L3. When the term
for C* as expressed in Equation 2.3 is substituted in Equation 2.4, CHOCI*

is solved to be
*
CHOC1* = —ni——— (Ct - CO*) 2.5

Since the adsorption-desorption step was assumed to be at equilibrium,
then the rate of production of chloride ions is equal to the rate of free

chlorine removal, -Ré. This is expressed by

i
-~
(qp]

*

2 (c, - c0¥) 2.6

where RC represents the rate of free chlorine generation, M/L3-T, and k4
represent the adsorption-desorption equilibrium constant, M/L3 given by
k2/k].

Activated carbon contains impurities such as oxygen, hydrogen and
metals in addition to carbon in the form of graphitic microcrystallites. In

addition, the surface structure of the carbon probably varies along the pores




21

due to strains acquired during manufacture. In this study, however, the
carbon surface was assumed to be homogeneous. It was also assumed that
chloride and hydrogen ions produced by the surface reaction do not occupy
any of the reactive sites. As a resu]t,‘they were not included in an over-

all reactive sites material balance.

B. Model for Reaction within Carbon Pores

The pores of an activated carbon granule are a series of tortuous,
interconnected paths of varying cross-sectional areas. Conseguently, it
would not be feasib]e to describe diffusion within each of any of the pores.
In this study, it was assumed that the pdre volume of a carbon granule was
made up of straight cylindrical open énded pores of 1ength 2 Lp and diameter
dp' The half length, Lp, of each such pore being equal to one-sixth the
average diameter of the granule (Levenspiel, 1972). Both open ends of a
pore are exposed to the bulk free chlorine concentration. Because of that,
symmetry exists in a pore and, consequently, it is sufficient to consider
only half of such a pore for the purpose of analysis (Figure 2.1).

Let Y be the position variable as measured from pore mouth, and
consider a differential element of width AY positioned at a distance Y from
the pore mouth. A material balance on C leads to

Flux ofy {Rate of Generation, _ {F1ux of}

U in of C C out

2.7

{Rate of Accumu]ation}r
of C

which could be rewritten explicitly as
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FIG. 2.1

SCHEMATIC DIAGRAM OF CARBON PORE
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2 | 2 2

- =-7d d . md :
_ P . 9C P P, . oC
(= D¢ = gyly) * (Ro == - 4Y) (=~ * D¢ * 5|y + ay)
ﬁdz
= :_E.. .‘&‘ ‘
( a ) 2.8

where DC represents the diffusivity of free chlorine in the pore, LZ/T, and
t represents the time dimension. Dividing by AY and letting AY tend to zero,
Equation. 2.8 reduces to
3¢ L |
3t RC + DC > 2.9
Let W be the mass of free chlorine reacted per unit area of pore

surface, M/L2. Then a differential material balance on C and W yields

R d
MW - _cp
5t 7 | 2.10

Let n be the number of half pores per unit weight of activated

carbon, Vp be the pore volume per unit weight of carbon, L3/M, given by
md: 2

(—7F—) (L) (n), and Ap be the pore surface area per unit weight of carbon,

P

L2/M, given by (ﬂdp) (Lp) (n). Multiplying Equation 2.9 by Vp, Equation 2.10

by Ap and substituting Equation 2.6 for RC leads to

2
P p a%p
X - (ST - ss0) + p_2F 2.11
ot P+ kg T C ay2
Ao S (sST - 550) 2.12
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where P and Q represeht the mass concentration of free‘chlorihe per unit

mass of carbon and the mass of free chlorine reacted per unit mass of car--
bon, respectively. Similarly SST and SSO represént the number of total and
oxidized reactive sites per unit mass of carbon, respectively, each multi-

k.d -
plied by the quantity —-P. Also, kg s equal to k, multiplied by V .

4

The surface reaction terms in Equations 2.11 and 2.12 are a
function of the oxidized reactive sites, SSO. Snoeyink et al. (1974) presented
data describing the accumulation of NaOH titratable surface oxides as a
function of the amount of chlorine reacted per unit weight of carbon. Their
data, as reproduced in Figure 1.1, could not be used to arrive at a theoreti-
cal expressidh for SSO sihcé only'some of these oxides were measurable by
their techniqueﬁand becausé their data represent an average effect over a
carbon granule and not a localized effect as SSO represents. As a result,
an empirical expression was adopted for SSO which describes the general
shape of the data shown in Figure 1.1.
k7 Q

1+ Kk

2.13
10 @

SSO0 =

In addition it allows for more free chlorine to react with the carbon with-
out much increase in the surface oxides once the level of these surface
oxides became appreciable. This is in agreement with Magee's (1956) obser-
vation that more CO2 and CO was invthe effluent from packéd bed activated
carbon reactors as the influent free chlorine concentration to these reactors
was increased.

Substituting the expression for SSO given by Equation 2.13 into

Equations 2.11 and 2.12 leads to the general pore model
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k, Q 2
oP P 7 9P
L1 (SST ) + p 2P 2.14
3t P+ g TF k@ 7 D2
30Q _ P 7

C. Boundary Conditions and Reactor Mathematical Models

The pore mathematical model developed in the previous section
desc;ibes the reaction and transpbrt mechanisms taking place inside the
pores of activated carbon granules. To solve these equations, however,
boundary conditions,are néeded to fe]ate the conditions in the bulk of
the solution to those inside a pore. In addition, initial conditions are
also required to describe the state of the system just pridf to the start
of the reaction.

The initial conditions needed to solve Equations 2.14 and 2.15
are independent of the type of reactor under consideration and depend on
the state of P and Q at the start of an experiment. Assuming that fresh
carbon was used, then the initial condition on Q becomes

Q = 05 fort=0, 0<Y¥< Lp 2.16

The initial condition on P was obtained fram the steady state solution of
Equation 2.14 with Q set to zero. The use of such an initial condition as-
sumes that the concentration profile for P inside a pore develops relatively
fast compared to the speed of the surface reaction. This initial condition

is given by
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Dd2P P SST _
ch2 P+ k - - p

The pore model used in this study assumes a straight cylindrical
pore with both open ends exposed to the bulk free chlorine concentration.
Because of the symmetry of such a pore, the boundary condition at the half
length of a pore is given by

~wv = 0; fort>0, V= Lp 2.18

The second boundary condition describes the concentration P at
the pore mouth. This boundary condition is a function of the type of re-

actor for which the pore diffusion model is solved.
1. Batch Reactors
a. Constant Concentration Batch Reactof

The constant concentration batch reactor, CCBR, assumes thatrthe
bulk solution is infinite in volume thus resulting in a constant concentra-
tion of free chlorine in the bulk solution. Consequently, the boundary

condition at pore mouth for a CCBR is givén by

or P = P

where Co is the free chlorine concentration in the bulk, M/L3 and P0 is

given by Vp X Co.
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The mathematical model for a CCBR is therefore given by Equations

2.14, 2.15, 2.16, 2.17, 2.18 and 2.19.
b. Closed Batch Reactor

A closed batch reactor, sometimes known as a simple or finite
batch reactor, assumes a finite bulk solution volume in which the activated
carbon is well mixed. When the pore diffusion model is solved for such a
reactor, the boundary condition at pore mouth requires a free chlorine ma-
terial balance to stp]y a link between the carbon pore phase and the bulk
solution phase. Because of this, an expression, ch, for the rate of free

chlorine removal from the solution phase is needed. This expression is given

by
mV D '
R - __b ¢ 9C 2.20
rc Lp 3Y|Y = 0 ’

where m represents the concentration of activated carbon per unit reactor
volume, M/L3 and ch'has the units of M/L3-T. "The rate of chlorine removal,

R, expressed in terms of P is given by

rp
mV D
R - __p ¢ 3P 2.2]
rp Lp oY{Y = O ’

where R__ has the units T ' and is equal to R__ x V_.
rp rc Y
The rate of chlorine removal, ch, due to activated carbon was
summed over time in conjunction with the rate of chlorine disappearance,
Rd,’owing to factors other than activated carbon to provide the pore mouth

boundary condition for a closed batch reactor.
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- c 3¢ ; , -
C = C0 + J ( T Y1y = 0 Rd)dt’ for t >0, Y=20 2.22
0 p
Rd has the units of M/L3 T. Equation 2.22 expressed in terms of P becomes
P = P0 + f (——Ti?—— Wly=0 - Vde)dt; for t>0, Y =20 2.23
0

where C0 represents the initial bulk concentration of free chlorine and P0
is given by Vp X CO.
The mathematical model for a closed batch reactor is therefore

given by Equations 2.14, 2.15, 2.16, 2.17, 2.18 and 2.23.
c. Nondimensionalized Batch Models

The two batch reactor models developed above were nondimensional-
ized using the dimensionless time, 6; distance, £; and concentration, G,

variables. These dimensionless variables were defined as

t D
6 = 2° 2.24
L
p
£ = Li 2.25
p
and | | 6 = o 2.26
0

Substituting the above dimensioniess variables in the CCBR model leads to

[
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k, Q 2
3G G 9 3G
G L2 (SIT - )+ 2.27
30 6P+ kg T+kqQ 32
GP k. Q
A - % 6T - g 2.28
o 8 10
Q=20; for6 =0, 0<¢g <1 2.29
2
3°6G G SIT
— - w5+~ = 0; for06=0,0<¢<] 2.30
g2 Gt kg -7
G _ . _
3¢ = 05 for6>0, £=1 2.31
and G =13 fore>0, £=0 2.32

where SIT and k9 are two dimensionless variables obtained from SST and k7,
respectively, through multiplication of each by tHe quantity %B .

| The nondimensionalized mathematicé1 model for a c1ose§ batch reac-
tor is 1déntica1 to the CCBR model except for the boundary condition given

by Equation 2.32 Which is replaced by

6 v L2
- 3G _ _pbp . -
G 1+ J (m Vp S|e = 0 P, Rd)de, fore >0, &£=0
° | 2.33

2. Packed Bed Column Reactor

When the pore diffusion model is solved in conjunction with a

packed bed reactor model, then the pore mouth free chlorine concentration
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is obtained through a material balance on free chlorine in the 1liquid phase
" of the reactor. The rate of chlorine reduction, in this case, is still ex-
pressed by Equation 2.20.

The column reactor considered in this study is a packed bed reac-
tor with axial dispersion. It consists of a cylindrical tube, tightly
packed with activated carbon. Aqueous chlorine was pumped at a steady rate
into one end of the column and out the other.

In most dechlorination applications, a very low effluent chlorine
concentration is desirable. Consequently, an axial dispersion term is
needed in the mathematical model of such é bed to better predict the lower
effluent concentrations from such a reactor (Levenspiel, 1972). The impor-
tance of axial dispersion is discussed in more detail in the section on
Results and Discussion.

To develop the govérning equation describing the free chlorine
concentration levels a]ong‘a packed bed reactor, consider the schematic
diagram fdr such a reactor as given in Figure 2.2. Let A represent the

cross sectional area of the bed, L2, Lb kepresent the depth of the bed, L,

and z be the position variable as measured from the ‘entrance end of the bed.

A differential material balance on free chlorine leads to

{

Transport Dispersion Transport Dispersion
C Generated by, _ Rate of Accumulation
o Carbon b= Ao of C } 2.34

which could be rewritten explicitly as

C in by Bu]k} + {C in by Ax1a1} _ {C out by Bu]k} _ {C out by Axial

}
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3C 3C
(V Aee C)Z + (A € DA [- _B—E])Z - (V'A'E'C)Z_'_AZ (A‘E'DA'[- -87])2+Az
mV_ D
_b ¢ 3C Re - 1Y
o L By =0 A+Az) (Aeeeaz %) 2.35

where C represents the free chlorine concentration, M/L3, v represents the
actual Tiquid velocity through the packed bed, L/T, € represents the inter-

particle porosity of the packed carbon and D, represents the axial dispersion

A
coefficient, L2/T. It is important to note that C and P are related by P =
C Vp and that Equation 2.35 is valid only at Y = 0. Dividing Equation 2.35

by Az and letting Az tend to zero :leads to

aC " Vg Dc aC + D 5%¢ aC

= _ — - V = 2.36
ot ‘e Lp aY|Y = 0 A az2 9z

The boundary conditions for a packed bed reactor with axial
dispersion have been the subject of controversy for some time. The boundary
conditions adopted in this study assume that the packed bed extends from
z = -= to z = +~ yith the reactive activated carbon situated between z = 0

and z = L It was also assumed that the bed was packed with an inert or

b
nonreactive material in the regions -~ < z < 0 and Lb <z < o, The inert

packing was of the same particle size as the activated carbon and, conse-

quently, no sudden changes in the flow regime are encountered at z = 0 and
Z = Lb. These boundary conditions as developed by Bischoff (1961) are

v C = v (C oC

0 - DA VL for t >0, z=0 2.37
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o _ . - =
and 5z - O fort>0,z=1 2.38

where C0 represents the influent free chlorine concentration. The initial
condition on C is obtained from the steady state solution of Equations 2.17,

2.18, 2.36, .2.37 and 2.38 and is represented by

2 mV_ D
3 C _ aC p_c 3C - A -
W2 T Ve T e w0 T Gforts 0 0szsky

2.39

In conclusion the mathematical model for the packed bed reactor is

given by Equations 2.14, 2.15, 2.16, 2.17, 2.18, 2.36, 2.37, 2.38 and 2.39.

a. Approximate Rate Expression

The packed bed reactor mathematical model consists of a system of
three nonlinear partial differentia1 equations. The numerical solution of
such a system of equations is rather complicated and costly in computer time.
In an attempt to simplify this model, it was observed that after verifying
the applicability of the two batch mathematical models to both closed and
constant concentration batch data, calculations bésed on the models showed
that for the same total mass of chlorine reacted per unit weight of carbon,
X, the rates of chlorine removal were nearly identical when the bulk con-
centrations were the same. To illustrate this fact, the two models were
solved for values of m, Lp, Dc’ SIT, k8’ k9 and k10 equal to 10 mg/%, 0.0035
cm, 6 X 10"4 cmz/min, 0.007, 0.000017, 2.66 and 380, respectively. The
initial concentration used in the closed batch model was 30 mg/% and the

CCBR model was solved for bulk concentrations of 20 and 10 mg/%. For a bulk
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concentration of 20 mg/2 and a value of X equal to 0.966 g/g, the two pre-
dicted rates were 0.004475 and 0.004472 mg/%-min for the closed and constant
concentration batch models, respectively. When Xﬁwas 1.896 g/g and for a
bulk concentration of 10 mg/%, the two rates predicted by the two models
were identical at 0.001563 mg/%-min.

Based on this observation an expression, R(X,C), was developed to
express the rate of reduction of chlorine mass per unit mass of carbon; T'].
This expression is a function of the bulk chlorine concentration, C, and
the mass of chlorine reacted per unit mass of carbon, X. This expression
was developed according to the following procedure:

(i) The solutions of the batch models were used in conjunction‘
with similar batch experimental data in order to determine values for the
g’ k9 and k10' | |
(i1) ‘The constants thus determined were then used in the CCBR

constants SIT, k

mathematical model to determine the rate of chlorine removal as a function
of X for four different bulk concentrations 5, 10, 20 and 30 mg/%.
(ii1) The information from step (ii) was then plotted on a log-

log scale and fitted to the empirical expression

; J]-C
R(X,C) = 3 37

(9, + CI[1 + J5~EXP(=d,+C)X] 1+ (JgEXP(J,+C)-X) 819

2.40

In the above expression, the Ji's’ i=1,9 are positive constants and J5,

J8 and Jg are related by
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J5 + J8 . Jg = 1 ‘ 2.41

The terms J3-EXP(—J4-C) and J6-EXP(J7-C) are equivalent to the inverses of

the first and second breakpoints as shown in Figure 2.3.
b. Modified Packed Bed Reactor Model

The use of the algebraic rate expression R(X,C), to express the
rate of free chlorine removal in a packed bed reactor model makes Equation
2.36 independent of the pore diffusion equations and, accordingly, the

packed bed mathematical mode]Ireduces to

o€ _ m - 3L
% - "% R(X,C) + Dy . > Vo 2.42
2
aX
T R(X,C) 2.43
X=0; fort=0, 0<z < Lb 2.44
D 82C V_QQ - m R(0,C) = 03 for t =.0 0<z < L 2.45
A g;? 3z € ? > 10 - U UZEe T by .
ve = ve - 0. forz=0,t>0 2.37
0 A 3z i - :
and
aC _ . _ ,
’é'z_ - 0, fOY‘Z-Lb, tzo 2.38

¢c. Nondimensionalized Packed Bed Reactor Model

The packed bed mathematical model was nondimensionalized using
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the dimensionless time, t; distance, a; and concentration, F, variables.

These dimensionless variables were defined as

T o= EL—X 2.46
b

] |

o = 2.47
Ly

F = & 2.8
0

Substituting the above dimensionless variables in the packed bed reactor

mathematical model Teads to

oF _ 1 1 3°F oF
9 = L% R(X,F) + —— 2F _ oF 2.49
9T S | Pe 8a2 o
X
sz = HR(XF) 2.50
X = 03 fort=0,0<ac<] 2.51
1 9% oF
5 —5 - w- - <R(O,F) = 03 fort=0,0<q<] 2.52
P 2 o S - S
e o
1=F-§~%ﬁ;forr>o,a=o 2.53
e ¢ -
and
F . 0; fort>0, a=1] 2.54

an
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v Co €
where S, given by —

» represents the mass of free chlorine applied per
b ‘ L
b

unit time per unit mass of carbon; H, given by v represents the average

residence time of the solution in the bed and Pe represents the Peclet num-
ber and is given by x%f . The units for S and H are T'] and T, respéctive]y,
and Pe is dimensionless. The Peclet number is a measure of the degree of
mixing in the reactor. When Pe is small, the packed bed reactor approaches

a completely mixed reactor and when Pe tends to infinity, it approaches a

plug flow reactor.
d. Plug Flow Packed Bed Reactor Model

Under certain flow conditions, the axial dispersion coefficient,
DA’ and accordingly the mixing term given by the 1n9erse of the Peclet num-
ber take small values. In such a case, the contribution of'DA to the solu-
tion of the packed bed model becomes negligible and, consequently, it may be
more convenient to solve the packed bed model with DA set to zero, leading
to a plug flow reactor. The mathematical model describing such a reactor
is obtéined from the packed bed with axial dispersion mathematical model
by setting DA equal to zero. Thus the nondimensionalized plug flow mathe-

matical model is given by

R(X,F) 2.55

oX

e H R(X,F) 2.56

X = 0; fort1<a,0>0 2.57

et
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-
"

0, fort<a, a>0

-
H

1; foro=0, t>0

where F, X, S, H, T and o are the same as defined previously.

2.58

2.59
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ITI. EXPERIMENTAL MATERIALS AND METHODS

A. Activated Carbon

The activated carbon used in this study was bituminous base
Filtrasorb 400 (Calgon Corporation, Pittsburgh, PA). The activated carbon
was prepared by mechanical grinding followed by sieving into a number of
particle size ranges. The carbon was then washed with dejonized water, first
in a beaker and then in a fluidized bed, to eliminate fines. It was subse-
quently dried at 105°-110°C. The specific characteristics of the carbon

are given in the manufacturer's bulletin (Calgon Corporation, 1969).

B. Free Chlorine Measurement

The DPD Ferrous Titrimetric Procedure (Standard Methods, 1970) was
used to determine the concentration of aqueous chlorine. For experiments
run at pH 10.0, samples were acidified prior to free chlorine measurements.

A 5 ml buret was used for the titration.

This analytical technique was found to be accurate and reproducible
down to a free chlorine concentration of 0.1 mg/%, as C12. For chlorine
concentrations higher than 3 mg/%, as C12, the samples were diluted in
order to lower the measured concentrations to a range of 1-2 mg/%, as C12,

where the end point of the titration was best detected.

C. Color Measurement

A quantitative measure of the brown color of the solution was

made for one CCBR and one column experiment. This measurement was made at
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270 nm with an ACTA III UV-visible Spectrophotometer using a 10 cm light
path (Beckman Instruments, Inc., Fullerton, CA).  These measurements were
evaluated relative to the blank and influent chlorine solution as was
applicable.

The appearance of brown color was also visually detected in some

CCBR and packed bed experiments.

D. Free Chlorine Solutions

Stock free chlorine solutions were prepared by making appropriate
dilutions of the household bleach, Clorox. Free chlorine solutions were
prepared by adding measured volumes of the stock free chlorine solution,
plus 68.8 g K

and 5 ml of a pH 7.4 phosphate buffer (14.3 g KH2P0 HP04/2

4 2
of buffer so]ution) per liter of deionized water. The carbonate system of
the solutions was always set close to equilibrium with the atmosphere at
the operating pH of the reactor by the addition of calculated amounts of
Na2(303 and NaHC03. Adjustments of pH were made as necessary using HC1 and

NaOH solutions. A Beckman Electromate pH Meter (Beckman Instruments, Inc.,

Fullerton, CA) was used for pH measurement.

E. Experimental

1. Batch Experiments

For the experiments run at room temperature, no temperature con-
trol was used and the temperature varied between 22.5°-23.5°C with 23°C as
a mean. For experiments run at 35°C a Magni Whirl Constant Temperature
Bath (Blue M Electric Co., Blue Island, IL) was used and for experiments at

2°C, a constant temperature cold room was used.
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For batch experiments carried out at pH 4.0, where the buffer
capacity of the solutions is weak, a Fisher Automatic Titrimeter (Fisher
Scientific Co., Pittsburgh, PA) was used to maintain constant pH during
the run. A 0.5 M NaOH solution was used to control pH in this case. For
other pH values investigated, 7.6 and 10.0, the buffer capacity of the solu-
tions was sufficiently strong to permit manual pH control. A1l batch reac-
tors were covered with foil to exclude light and to thus prevent photode-
composition of the chlorine.

Two types of batch experiments were carried out in this study,

closed and constant concentration.
a. Closed Batch Experiments

Four Titers of solution were used; the only substance added to
the reactor after starting the test was NaOH for pH control. A blank reac-
tor containing all reagents except activated carbon was run to determine
the rate of disappearance of free ch1or1ne owing to factors other than re-
action with activated carbon.

The reactors, including the blank, were mixed using T-Tine
Laboratory Stirrers (Talboys Engineering Corp., Emerson, NJ)} and a Teflon
stirring rod. The speed of mixing was controlled by a variable Autotrans-
former (STACO, Inc., Dayton, OH). The stirring speed was maintained at
764-917 rpm as measured by a Biddle Indicator (James G. Biddle Co., Plymouth
Meeting, PA).

After the solutions were mixed for about 3 hours, activated carbon
was added to the reactors; the initial concentration of chlorine was mea- |

sured just prior to carbon addition.

TP

- -
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b. Constant Concentration Batch Experiments

The second type of batch experiment carried out in this study
was a constant concentration batch reactor, CCBR. In this type of experi-
ment, only two liters of solution were used and both the reactor and the
blank were mixed at 610 rpm using the same equipment described in the pre-
vious section.

A11 the CCBR experiments were conducted at room temperature,
23°C, and at pH 4.0. The pH was maintained at 4.0 using the Fisher
Automatic Titrimeter described previously.

Activated carbon was added to the reactors after the solutions
were mixed for 3 hours. The initial free chlorine concentration was mea-
sured just prior to carbon addition. In this experiment, the free chlorine
concentration was maintained constant at Co, and the rate of reaction was
determined as a function of the mass of chlorine reacted per unit weight of
carbon, X. This was accomplished by allowing the free chlorine concentra-
tion in the bulk to drop from Co + AC to Co - AC and then adding more stock
chlorine solution to bring the concentration back to Co + AC. The values
used for AC were about 0.5-1.0 mg/%. The rate of chlorine reduction was
estimated from a few measurements of chlorine concentration as this concen-
tration dropped from CO + AC to Co - AC. A stock chlorine solution, buffered
and maintained at pH 4.0, and another pH 4.0 solution which was buffered
but void of any chlorine, were used to bring the chlorine concentration in
the reactor back to C0 + AC, and to maintain the volume of the solution 1in

the reactor constant. Both the estimated rate and the value of X were
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adjusted by subtracting the effect of chlorine decay as observed in the
blank reactor.
2. Packed Bed Column Experiments

The other type of experiment was the upflow packed bed reactor.

The influent solution was prepared in 60 Titer batches and it was stabil- -

ized by mixing for at least 3 hours prior to applying it to the carbon.
An FMI positive displacement lab pump (Fluid Metering; Inc., Oyster Bay,
NY) was used to provide a steady influent flow rate.  Tygon tubing was
used for the transmission of the influent and effluent flows. The carbon
columns were made from Plexiglass. A sufficiently large ratio of column

diameter to particle diameter was used to avoid wall effects. In the case

of 18 x 20 U.S. Standard mesh size carbons this ratio was 27.6 while it was

73.8 for the 60 x 80 carbon. A minimum depth of 10 column diameters of
Ottawa sand was packed ahead of and after the carbon in the column. This
sand had the same particle size as the activated carbon and was inert to
chlorine. 1Its purpose was to control the flow regime through the carbon
section of the reactor and as such justify the boundary conditions used in

the packed bed with axial dispersion mathematical model.
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IV. RESULTS AND DISCUSSION

The procedure followed in this study was to fit the numerical
solution of the batch mathematical models to corresponding experimental
batch data. The constants SIT, k8’ k9 and k]O were evaluated through a
trial and error fit of the data. The diffusivity coefficient, DC, was as-
signed the value 6 x 1074 cmz/min at 23°C. This value is an order-of-
magnitude estimate for similar molecules in liquids (Fogler, 1974) and was
used for both HOC1 and OC1~. (Calculation of D, for HOC1 by the Wilée—
Chang model, which also gives an order-of-magnitude estimate [Bird et al.,
1960] gave a value of 1.12 x 10'3 cm2/min). The value used for Vp was
0.94 cc/g as obtained from the manufacturer's bulletin (Calgon Corp., 1969).
The value of Lp was always taken as one-sixth of the arithmetic mean of the

particle size range.

A. Rate of Chlorine Disappearance from Blank Reactor

The rate of disappearance of free chlorine from the blank reactors
was observed to follow first order kinetics rather closely. The results
from two blank experiments are shown in Figure 4.1. The data exhibiting
the higher slope represent a 4 Titer, pH 4.0 and 35°C blank experiment,
while the data from the second experiment were obtained at pH 4.0 and 23°C.
As a result of the linearity shown by the data on a semi-log plot, the term
Ry for the-decay rate in the boundary condition appearing in Equations 2.22,

2.23 and 2.33 was replaced by

C 4.1
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1

where kd is the first order rate constant, T ', and C is the free chlorine

concentration, M/L3. The value of kd for the pH 4.0, 35°C experiment was

1 for

calculated to be 0.00003.min;L while it was found to be 0.0000134 min_
the pH 4.0, 23°C experiment. Similar data were obtafned for pH 10.0 blank
ekperiments carried out at 23° and 35°C.

The values of kd calculated from the two pH 10.0 blank experi-
ments were equal to the value obtained,frdm the 23°C, pH 4.0 data. At pH
4.0, HOC1 is the predominant free chlorine species while it is 0C1™ at pH
10.0. Since the same value of kd was obtained at these two pH values at
23°C, it was assumed that this same value holds at intermediate pH values
where the chlorine solution is made up of mixtures of the two free chlorine
species. Also, since the same value of kd was obtained for the two pH 10.0
experiments at 23° and 35°C, it was assumed that this same value holds for
blank experiments carried out at the same pH but at 2°C.

Blank experiments were also carried out in conjunction with CCBR

experiments. In this case, however, the value of Rd at only one concentra-

tion, namely CO, was needed.

B. Experiments at pH 4.0 and 23°C

1. Batch Studies

Four different constant concentration batch reactor, CCBR, experi-
ments were cérried out at pH 4.0 and 23°C (Figures 4.2, 4.3, 4.4 and 4.5).
In all four experiments, 50 mg/% of 60 x 80 mesh carbon were used. The
bulk concentrations, Co’ in these four experiments were maintained at an

average concentration of 30, 20, 10 and 5 mg/%. The bulk concentration in
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each of these experiments was allowed to vary between CO + AC and CO - AC
in order to arrive at an estimate of the rate of chlorine removal. The
values of AC used were 1.0, 0.75, 0.5 and 0.5 mg/% for the 30, 20, 107and
5 mg/% bulk concentration CCBR experiments, respectively.

The 20 mg/% bulk concentration experiment (Figure 4.3) was re-
peated three times to test the reproducibility of the data. This reproduci-
bility was considered to be very satisfactory.

Consistent with the surface reaction rate expression given by
Equation 2.6, the rate of Chlorine removal for a specific value of X in-
creased with increasing bulk concentration. The ratio of this increase
was high when the 10 and 5 mg/% data were compared (Figures 4.4 and 4.5)
but tended to decrease as the bulk concentration increased as is evident
from the 30 and 20 mg/% data (Figures 4.2 and 4.3).

Brown color appeared in solution after the reaction of 4.2 and
3.8 grams of free chlorine per gram of carbon in the 30 and 20 mg/% bulk
concentration CCBR experiments shown in Figures 4.2 and 4.3. The other two
CCBR experiments carried out at bulk concentrations of 10 and 5 mg/& (Figures
4.4 and 4.5) were stopped prior to the emergence of any visible brown color.

The continuous curves in Figures 4.2, 4.3, 4.4 and 4.5 represent
the rate of chlorine removal for 50 mg/% of 60 x 80 mesh carbon as a func-
tion of X, as predicted by the mathematical model for the CCBR. The values
of the model constants for these curves were 0.0035 cm, 0.007, 0.000017,
2.66 and 380 for L, SIT, kg kg and kyp, respectively.

In the case of.the 5 mg/% bulk concentration éxperiment (Figure

4.5), the model underestimated the rate for values of X greater than 1 g/g.
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No attempt was made to correct for this because data from other pH 4.0,
23°C experiments were well predicted using the above model constants.

Two closed batch experiments were carried out at pH 4.0 and a
temperature of 23°C. In both experiments, the initial concentration of free
chlorine, as C12, and the activated carbon concentration were 30 mg/% and
10 mg/%, respectively. The carbon used in both experiments was 60 x 80
mesh size. Figure 4.6 shows the results of the two experiments and it can
be ndted that reproducibility is excellent. _

The same values of the model constants used in predicting the CCBR .
data in Figures 4.2, 4.3, 4.4 and 4.5 when used in the closed batch reactor
mathematical model resulted in the continuous curve in Figure 4.6. The
value used for kd, in this case, was 0.0000134 min'] as explained earlier.

As can be seen from Figures 4.2, 4.3, 4.4, 4.5 and 4.6, the two
batch mathematical models were able to predict rather closely the experimental

batch data when both models employed the same values iof the model constants.
2. Particle Size Effect Studies

To test the ability of the pore diffusion mathematical model to
predict particle size effects, another constant concentration batch experi-
ment was carried out at pH 4.0 and 23°C. The bulk free chlorine concentra-
tion in this case was maintained on the average at 30 mg/%2; 50 mg/% of 45 x
50 mesh carbon were used. The results of this experiment are shown in
Figure 4.7. This experiment was stopped when brown color was observed in
solution. This brown color became visible after 3.6 grams of chlorine had

reacted per gram of activated carbon. In this experiment a quantitative
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measure of the color of the samples was made at 270 nm using a 10 cm‘1ight
path (Figure 4.7). The absorbance of the free chlorine solution prior to
the addition of carbon was 0.14. At the point when brown color became
visible (X = 3.6) the absorbance of the solution was 0.91.

The model constants k ahd k

8 10
and k9 are directly proportional to the square of Lp (see section I1,C.2.c).

are independent of Lp whereas SIT

Consequently, the values of SIT and k9 for the 45 x 50 mesh carbon (Lp =
0.0055 cm) were evaluated from the corresponding values of SIT and k9 for
the 60 x 80 mesh carbon to be 0.01728 and 6.568 respectively.

The above values of the model constants were used to predict the
rate of free chlorine removal vs. X curve for the 45 x 50 mesh carbon and
the results are shown as a continuous curve in Figure 4.7. As is obvious
from the figure, a rather good correspondence was obtained between the
experimental and predicted data indicating that the model is valid for
predicting particle size effects.

It is interesting to note for both the experimental and predicted
data in Figures 4.2 and 4.7 that at low values of X, the rate of free
chlorine removal for the 60 x 80 mesh carbon is appreciably larger than that
for the 45 x 50 mesh carbon. When X is zero, the effectiveness factor (the
ratio of the actual rate to that rate obtained if all the carbon surface
was exposed to the bulk free chlorine concentration) for the 60 x 80 mesh
carbon was computed to be 0.0921 while that for the 45 x 50 mesh carbon
was found to be 0.0586. This difference, however, tends to decrease as
X increases; the mathematical model predicts that when 3 grams of chlorine

have reacted with one gram of carbon, the rate for the 45 x 50 mesh carbon
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is 97.3 percent that of the 60 x 80 mesh carbon and the corresponding ef-
fectiveness factors were computed to be 0.94 and 0.966, respectively. This
observation is consistent with the fact that as the effective reattivity of
the surface decreases, the effectiveness factor for both particle sizes
tendS towards one. Also, since the initial effectiveness factor was found
to be much Tower than one, a mathematical model that does not include pore
diffusion effects would not be in order.
To further check on the ability of the pore model to predict
particle size effects, a closed batch experiment was carried out at pH 4.0
and 23°C, with 45 x 50 mesh size carbon. The initial free chlorine con-
centration and activated carbon concentration were 30 mg/% and 10 mg/%,
respectively, and the results are shown in Figure 4.8.
- The continuous curve in Figure 4.8 represents the concentration
levels as predicted by the closed batch mathematical model for the same

Ko, and k., used in the CCBR mathematical model to pre-

8> 79 10
dict the 45 x 50 mesh carbon data in Figure 4.7. The value used for kd

values of SIT, k

was once more 0.0000134 min']. Examination of Figure 4.8 shows that the
model underestimated the effect of particle size but the discrepancies were

not drastic.
3. Packed Bed Studies

Activated carbon packed bed experiments were carried out in order
to evaluate the accuracy of the packed bed mathematical model for predicting

the behavior of such reactors.

The data shown in Figure 4.9 represent the effluent concentration
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vs. time for a packed bed experiment wherein the influent concentration,
pH, temperature and flow rate were 20 mg/Q, 4.0, 23°C and 32.78 cc/min
(4.26 gpm/ftz), respectively. The carbon, 1.49 g of 60 x 80 mesh, was
packed in a 1.55 cm internal diameter column. The length of the carbon
portion of the bed, Lb was 1.65 cm. The bed porosity was assumed to be
0.43 based on previous determinations made using particles of similar shape
(Fair et al., 1968). Initially, the effluent pH rose to 5.2, apparently
owing to adsorption of protons by the carbon, and after about one hour it
decreased to 3.6. After this initial period, the pH steadily increased
towards 4.0. Brown color was observed in the effluent after about 275
hours at which time an average of 3.45 grams of chlorine, as C12, had
reacted with each gram of carbon. Using the constant concentration batch
reactor model, it was predicted that 3.6 grams of free chlorine, as C12,
would have reacted with a gram of carbon exposed to 20 mg/% of free chlorine
(column influent. concentration). B

The four predicted curves for the 60 x 80 mesh carbon shown in
Figures 4.2, 4.3, 4.4 and 4.5 were used to obfain the algebraic fit, R(X,C).
Using this algebraic fit‘and an axial dispersion coefficient, DA, of 1 cm2/m1n
(Levenspiel, 1972), the packed bed mathematical model was solved to predict
the breakthrough curve for the same conditions used in obtaining the data
in Figure 4.9. The predicted curve shown as a continuous line in the same
figure. followed the data rather well indicating the validity of using batch
data to predict column perfbrmance.

The packed bed mathematical model was also solved for values of

the axial dispersion coefficient, DA’ of 2, 3 and 4 cm2/m1n. The solutions
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were initially different from the solution shown in Figure 4.9 but after
about 40 hours, this difference became negligible. The value of DA of

1 cmz/min was selected since it gave better fit of the data. All the data

presented in this study were correlated using this model.

This model was also solved assuming plug flow (i.e., DA = 0).
This solution required the use of a different numerical technique, as out-
lines in Appendix A, which proved to be more costly than the solution in-
cluding thevax1a1 dispersion term. No appreciable difference was observed
between the solutions for DA equal to zero and DA equal to 1 cm2/m1n.

To further test the ability of the model to prédict particle
size effects, another packed bed experiment was run, this time using 18 x
20 mesh carbon (see Figure 4.10). The influent concentration, pH and temper-
ature in this experiment were the same as the previous column experiment.
The flow rate was 83.9 cc/min (4.06 gpm/ftz); 8.92 g of carbon were packed
-in a-2.54 cm internal diameter column yielding a bed 1ength'of 4 cm.

Initially, the effluent pH rose to 5.3 and after one hour it
dropped to 3.5. Afterwords, the pH rose steadily towards 4.0. Brown color
was observed in the effluent after about 395 hours at which time an average
of 2.3 grams of chlorine, as C12, had reacted with each gram of carbon.
Using the CCBR model, it was predicted that 2.84 grams of chlorine as 612
would have reacted with a gram of carbon Tocated at the entrance of the
column under conditions of operation of the bed.

Assuming that the internal particle porosity does not vary with
particle size, and using an experimentally determined value for m (weight

of activated carbon per unit volume of packed bed), the bed porosity in this
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case was calculated, based on the 60 x 80 mesh carbon bed porosity to be
0.476.

The pore length, Lp, for the 18 x 20 mesh carbon is 0.0153 cm.
For this pore length, SIT and k9 were calculated to be 0.1343 and 51.05,
respectively. The constants k8 and k9 remain unchanged at 0.000017 and
380 respectively, as they are independent of pore length. Using these
values, the algebraic fit, R(X,C), was obtained using four CCBR model runs
at bulk concentrations of 5, 10, 20 and 30 mg/%. This algebraic fit was
then used along with an axial dispersion coefficient of 1 cmz/min in the
packed bed mathematical model to‘predfct the:breakthrough curve for the
same conditions applicable to the data in Figure 4.10.

The predicted curve is shown in Eiguke 4.10 as a continuous line.
Correspondence between the predicted curve and the data was rather good,
once more indicating the validity of the hode1 in predicting particle
size effects. |

It is interesfing to add here that for fresh carbon, an effective-
ness factor of 0.0209 was computed for the 18 x 20 mesh carbon. This ef-
fectiveness factor increased as the reaction proceeded and was 0.625 when
3 grams of ffee chlorine had reacted with one gram df carbon.

Unfortunately, no quantitative measurement of color was made for
the packed bed column experiments in Figures 4.9 and 4.10., The data shown
in Figure 4.17 represent the effluent concentration vs. time from a 60 x
80 packed bed experiment carried out at 23°C for which color measurements

were made, however.

Eight grams of carbon were packed in 2.54 cm internal diameter
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column. The average length of the carbon portion of the bed was 3.3 cm
and the influent flow rate was maintained at 87.5 cc/min (4.25 gpm/ftz).
In this experiment the carbon was held in place by a Tayer of glass wool
on each side. The glass wool was in turn supported by tightly packed 0.2
cm glass beads. The influent free chlorine concentration varied between
18 and 23 mg/%, and the influent pH ranged from 3.2 to 5.8. This experi-
ment was very crudely prepared as it was intended for the purpose of pre-
liminary investigation only. It is reported here only because color mea-
surements of the effluent samb]es were made. The absorbance, a measure
of the organic matter present and the color, of the effluent solution vs.
time is shown in Figure 4.11.

Brown color was observed in the effluent after about 288 hours,
at which time the absorbance of the effluent wés measured at 0.7. By the
time brown color became visible in the column effluent, an average of 3.15
grams of chlorine, as C12, had reacted with each gram of carbon. It is
interesting to note that in the case of the 60 x 80 mesh carbon packed bed
experiment shown in Figure 4.9, brown color was observed in the effluent
after 275 hours which is rather close to the 288 hours required for color
emefgence in this experiment. Using the constant concentration batch re-
actor model, it was predicted that 3.605 g of free chlorine, as C12, would
have reacted with a gram of carbon located at the entrance of the column
if it were assuméd that both influent concentration and pH were held con-
stant at 20 mg/% and 4.0.

When the results of this experiment were compared to the other

pH 4, 60 x 80 mesh carbon column experiment shown in Figure 4.9, it was
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found that just prior to the emergence of brown color in the effluent, the
amount of chlorine reacted per gram of carbon located at the mouth of the
bed was almost the same. However, the average amount of chlorine reacted
per gram of carbon in the bed was much lower due to the fact that the car-
bon column used for the results shown in Figure 4.11 was about twice as
lTong as the one used in the experiment shown in Figure 4.9. Based on this
observation, it could be stated that more efficient use of the carbon is
attained by resorting to shorter carbon columns.

This column experiment was continued after brown color was ob-
served in the effluent. As the experiment proceeded, the color in the ef-
fluent turned to black and became much more intense as the carbon in the
bed started to fragment and leave the bed in the effluent. After about 360
hours, the experiment was stopped after a high head loss developed in the
bed.

Using the algebraic fit, R(X,C), developed for the 60 x 80 mesh
carbon, pH 4, and 23°C column experiment in Figure 4.9, an axial dispersion
coefficient, DA of 1 cm2/m1n and a bed porosity, e, of 0.43, the packed bed
model was solved to predict the breakthrough curve assuming an influent con-
centration of 20 mg/%. The predicted curve is shown as a continuous line
in Figure 4.11. A rather good correlation between the predicted curve and
the data was obtained considering the crude manner in which this experi-
ment was carried out. Note that beyond 288 hours, color was observed in
the effluent and eventually carbon fines began appearing in the effluent.
Beyond this point, the model is not expected to predict the effluent qual-

ity as it does not account for carbon fines leaving the bed. As can be
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seen from Figure 4.11, the predicted values are much lower than the experi-

mental data in this range.

C. Experiments at pH 10.0 and 23°C

HOC1 is a weak acid with a pKa of 7.6 at 23°C (Morris, 1968) and,
accordingly, at pH values above 7.6, OC1™ is the predominant species of free
chlorine. In order to determine how this species reacts with carbon, ex-

periments were carried out at a pH of 10.0.
1. Batch Studies

Three closed batch reactor experiments were carried out at pH
10.0 and 23°C and the results are shown in Figure 4.12. 1In this case, 4.21
3 2CO3 were added per liter of solution to minimize pH
changes owing to entry of CO2 into the solution from the atmosphere. In

g NaHCO., and 0.53 g Na
all three experiments 20 mg/% of 60 x 80 mesh activated carbon were added.
Initial free chlorine concentrations were 37.0, 28.6 and 13.6 mg/%.

The diffusion coefficient, Dc’ for OC1-'Qas assumed to be the
same as that used for HOCl, namely 6 x 10-4 cmz/min. For a value of Lp
equal to 0.0035 cm, corresponding to 60 x 80 mesh carbon, the closed batch
model was solved to predict the concentration levels in the reactor as a
function of time. The values of the model constants for this case were
found to be 0.0018, 0.000017, 0.684, 380 and 0.0000134 min'1 for SIT, k8’
k9. k]O’ and kd’ respectively, and the results are shown in Figure 4.12.

As is obvious from Figure 4.12, a rather good prediction was obtained for

the three concentration vs. time curves. The values of k8 and k]U Were
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not changed from those used to describe the pH 4, 23°C data. It is possi-
ble, however, that an equally good fit could have been obtained if all four
constants, SIT, k8’ k9 and k]O’ had values other than were used for the pH

4, 23°C data.
2. Packed Bed Studies

The data shown in Figure 4.13 represent a breakthrough curve for
a packed bed experiment with an influent pH of 10.0. The influent concen-
tration, temperature, and flow rate were 20 mg/%, 23°C and 32.78 cc/min
(4.26 me/ftz), respectively. The carbon, 2.35 gréms of 60 x 80 mesh, was
packed in a 1.55 cm internal diameter column. Thé length of the carbon
portion of the bed, Lb, was 2.6 cm and the porosity was again assumed to be
0.43. The effluent pH remained at 10.0 with no noticeable variation during
the run. The experiment was sfopped after 250 hours prior to the appearance
of brown co10f.

7 Using the values for the constants obtained from the batch data
at pH_10.0, the algebraic expression, R(X,C), was obtained. Using this
expression and an axial dispersion coefficient of 1 cmz/min, the packed
bed model was solved; the predicted breakthrough curve is shown as a con-
tinuous 1ine in Figure 4.13. In this case the quality of the prediction is
not quite as good as Wés observed at pH 4.0, but it is considered satis-.

factory for most purposes.

D. Experiments at pH 7.6 and 23°

The pKa of the HOC1 is 7.6 at 23°C (Morris, 1968). The solution
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pH of 7.6 was selected for testing because the concentrations of HOC1 and
0C1™ are equal in such a solution and because it was desired to determine
the applicability of the model to mixtures of these species.

Three closed batch experiments were carried out at this pH and
temperature. Carbonate salts, 0.01675 g/& of NaHCO, and 4.22 x 1073 a/%

of NaZCO were added to set the solution at equilibrium with the atmosphere.

3
In the first experiment, the resu]ts of which are shown in Figure 4.14,
10 mg/% of 60 x 80 mesh carbon were used in conjunction with an initial free
chlorine concentration of 33.9 mg/%. In the other two experiments shown in
Figure 4.15, 15 mg/% of the same carbon were used with initial free chlorine
concentrations of 30.0 and 14.76 mg/X%.

The diffusion coefficient, D;, for HOCT and OC1™ were assumed to
be 6 x 10_4 cmz/min. As a result, this same value was used when both these
species existed together in solution. Analysijs of experimenta]rdata showed

that the values of k,, k 0’ and kd were the same at pH 4.0 as at pH 10.0;

8> 1
consequent1y, the same values were used in solving the closed batch reactor
model at pH 7.6. A rather good fit of the data was obtained for values of
SIT and k9 of 0.0044 and 1.672, respectively. These values represent the
average of the values of SIT and k9 at pH 4.0 and 10.0, thus leading to

the conclusion that the pH effect is dependent only on the relative distri-
butijon of HOC1 and OC1 . Mégee (1956) presehted vaTUes of the first order
rate constant, k (see Equation 1.8) vs. pH and his data are consistent with

this conclusion."
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E. Temperature Effect Studies at pH 4.0 and 10.0

Temperature is expected to affect both the diffusivity and the
reaction rate constants. The effect of temperature on diffusivity in a pore
was assumed to be similar to that in free solution. The expression used for

predicting the effect of temperature on DC was (Fogler, 1974)

_ oy T,
DC(Tz) = DC(T1) . ﬁE- ??- 4.2
where u is the viscosity, M/L-T, énd T is the absolute temperature, °K.

Two closed batch experiments were run at pH 10.0 and 35°C as
shown in Figure’4;16. The initial free chlorine concentrations were 38.1
and 24.8 mg/%. Two other experiments were carried out at the same pH but
at a temperature of 2°C as shown in Figure 4.17. 1In this case the initial
free chlorine concentrations were 39.3 and 24.4 mg/%. All four experiments
were performed with 20 mg/%2 of 60 x 80 mesh carbon.

The viscosity of water at 2°C, 23°C and 35°C is 1.6728, 0.9358
and 0.7225 centipoises, respectively (Perry, 1950). Using these values and
a base value for DC of 6 x 10-4 cmz/min at 23°C, the values of DC were cal-

4 and 8.04 x 1074 cn/min at

culated, using Equation 4.2, to be 3.12 x 10~
2°C and 35°C, respectively. The closed batch model was solved to predict
the concentration levels and to determine the remaining constants; a rather

good fit was obtained for SIT and k, values of 0.0009 and 0.342 at 2°C,

9
and 0.00267 and 1.0157 at 35°C, respectively. The values of k8 and k]O

were the same as for the pH 4.0 and 10.0 studies at 23°C. The first order

(SR
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rate of decay constant, kd’ was found to be essentially the same, 0.0000134
min'], for the three different temperatures at pH 10.0.

Two other closed batch experiments‘were carried out at pH 4.0 and
a temperature of 35°C. vIn the first experiment 20 mg/zlof 60 x 80 mesh car-
bon was used and the initial free chlorine concentration was 37.8 mg/%. The
results are shown in Figure 4.18. Only 10 mg/% of 60 x 80 mesh carbon was
used in the second experiment shown in Figure 4.19; the initial free chlorine
concentration was 27.3 mg/%. The rate of decay at pH 4.0 and 35°C was found
to be higher than that at 23°C at the same pH; kd was evaluated to be

0.00003 min-]

in this case.

A good fit of the data was obtained when the finite batch model
was solved for values of SIT and k9 of 0.01039 and 3.947, respectively, as
is apparent in Figures 4.18 and 4.19. 1In this case also, the values of k8
and k10 were the same as at 23°C.

SIT and k9 cannot be regarded as surface reaction rate constants
because they both include the term Lg/DC. Consequently, in order to study
the effect of temperature on the surface reaction rate SST and k7 are the
proper terms to be analyzed. Fiqure 4.20 shows an Arrhenius plot of the
temperature data, 10910 SST wvs. 1/?l The three va]ueé of SST available at
pH 10.0 fall on a straight line, and the two values of SST at pH 4.0 form
a line parallel to the previous one. Based on these limited data, the acti-
vation enérgy for k3, the only rate constant which is part of SST, can be
calculated to be 5.3 kcal. The constant, k8’ contains the adsorption-

desorption equilibrium constant, k4, and it Tikely varies with temperature.

In this study, however, it was assumed that k8 and k]0 did not vary with
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temperature in fitting the data; thus, the variation observed in k. included

3
the effect of temperature on k8 and k]O’ if any.

F. Prediction of Model Constants for Different pH and Temperature Values

The pH was observed to influence the reaction rate only as far as
it affects the distribution of free chlorine between HOCT and 0C1™. This
was an unexpected result because it was thought that the hydrogen ion con-
centration would affect the surface functional groups on the carbon, thereby
influencing the reaction rate. The fraction of free chlorine in the HOCI
form is given by 1/[1 + 10(pH B pKT)] while the remaining fraction represents
the 0C1™ to total free chlorine ratio. pKT is the negative 10910 of the
equilibrium constant evaluated at temperature T.

Having established the pH and temperature effects, expressions

were developed to give SST, min_], and ky, min'1, as functions of tempera-

ture and pH
(pH - pig)
SST(pH,T) = 5.325 x 107 [0.343 + 0.0882 x 10 1 exp (-5366)
(pH - PKT) T
[1+ 10 ]
4.3
k7(pH,T) = SST(pH,T) x 380 4.4

where 0.343 and 0.0882 are the values of SST at pH 4.0 and 10.0 respectively.
White (1972) gave values for pKa for six different temperatures which could
be uéed to compute an enthalpy of reaction, AH®, of 4.0 kcal. Using this
value, the pKa at a temperature T, °K, could be computed from the pKa

value at 23°C, 7.6, using the following expression,
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k= = 7.6 + 86900 {226 =T) 4.5

T 296 x T

The dimensionless rate constants, SIT and k., used in the numeri-

9
cal solution of the two batch models can be obtained from the values of SST

and k9 given by Equations 4.3 and 4.4 using the following two equations,

5 2
5.272 x 107 x e X FP x SST

SIT = - 4.6
T

and k

9 SIT x 380 4.7

it

where T is the absolute viscosity at temperature T, centipoises, and Lp

is the pore half length, cm. Because k8 and k,., were constant at 0.000017

10
and 380, respectively, Equations 4.3-4.7 can be used to calculate the re-
maining parameters necessary for describing the performance of closed and
constant concentration batch reactors as well as packed bed columns using

Filtrasorb 400 carbon.
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Y. CONCLUSIONS AND RECOMMENDATIONS
A. Conclusions

1. Batch'experimental data can be used to provide the information
necessary for the design of packed bed activated carbon dechlorination re-
actors. In this study the surface reaction rate constants appearing in the
pore diffusion model were evaluated from batch experimental data. These
constants were then successfully used to predict packed bed column behavior.

2. In this study an algebraic rate expression, R(X,C), was used
to simplify the packed bed reactor mathematical model by eliminating the
dimension along the carbon pore from the model. This rate expression was
obtained by algebraically fitting constant concentration batch reactor rate
data vs. X; the amount of chlorine reacted per unit weight of carbon. The
use of such an expression was possible because the two batch models predicted
that, for fixed pH, temperature and particle size, the rate of chlorine re-
moval was a function of only the bulk concentration and the amount of
chlorine already reacted with the carbon.

3. Pore diffusion was found to be very important, especially
when the carbon was relatively fresh. As the extent of reaction increased,
the surface reaction became the rate controlling step as was shown in the
case of the 60 x 80 and 45 x 50 mesh carbon CCBR experiments.

4. The rate of chlorine removal was found to be very sensitive
to particle size, decreasing with increasing granule diameter. This is a
direct consequence to the importance of pore diffusion as a rate contro]]iné

mechanism especially for low values of X. The mathematical model was



84

successfully used to predict particle size effects for both batch and packed
bed reactors.

5. An analysis of the data showed that the reaction rate ap-
proaches zero assymptotically, rather than a steady state value as has been
reported by Magee (1956). In terms of the parameters used in this model it
was found that kg/k]0 was equal to SIT which means that as the amount of
chlorine reacted per gram of carbon increases, the surface reaction term
approaches zero,

6. The pH was observed to influence the reaction rate only as
far as it affects the distribution of free chlorine between HOC1 and 0C1 .
This finding made it possible to use reaction rate constants obtained sep-
arately for HOC1 and OC1~ to arrive at the rate constants applicable to
mixtures of the two free chlorine species.

7. The effect of temperature on the surface dissociation rate
constant, k3, was found to follow the Arrhenius model. Based on 1limited
data, the activation energy for k3 was found to be 5.3 kcal for both HOCI
and 0C1°.

8. Brown color was observed in solution after extensive oxida-
tion of the carbon. The emergence of the brown color was observed in both
constant concentration batch and in pack§d bed experiments. Little infor-
mation was obtained on the emergence of the brown color, but based on the
Timited data available, between 2.8 to 4.2 grams of chlorine had to react
with a gram of carbon before the color was visible.

9. Little, if any, mixing occurred in the packed bed reactor

experiments carried out in this study. This was shown by the almost
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identical results obtained from solving the packed bed model with the axial
dispersion coefficient, DA’ equal to 1 cm2/min and with DA equal to zero.
However, axial dispersion may prove to be important when packed bed declori-

nation reactors are run under conditions other than those studied here.

B. Engineering Significance

1. The particle size of the carbon used in a packed bed reactor
has an important influence on the behavior of activated carbon dechlorina-
tion reactors. Because the rate of chlorine removal increases with de-
creasing particle size, shorter columns could be used to achieve a given re-
moval efficiency when smaller carbon granules are used. This advantage
should be balanced, however, against the increased cost of obtaining granular
carbon smaller than that available commercially and the increased head loss
that accompanies such a decrease in carbon size.

2. The design of a dechlorination carbon column should take both
the breakthrough effluent chlorine concentration and the appearance of
color in the effluent into consideration. The carbon located at the mouth
of the packed bed is always exposed to the highest chlorine concentration
in the bed and, as a result, the extent of reaction at the mouth of the bed
will likely determine when the bed starts producing color. If a column is
too long, color will appear in the effluent prior to the emergence of an
undesirable chlorine concentration. In such a case, the average amount of
chlorine reacted per gram of carbon may be much less than the amount that
has reacted with the carbon located at the entrance of the packed bed. In

the design of a dechlorination bed, it will be necessary to balance the
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cost of more frequent replacement of shallow beds with the cost of more inef-
ficient use of the carbon when longer beds are employed. This aspect re-

mains to be further evaluated however.

C. Further Study

1. The effect of the presence of organic compounds on the rate
of uptake of free chlorine by activated carbon has not been investigated.
This is a very important parameter which is very difficult to evaluate be-
cause of the wide variability of the type of organic compounds present in
water and wastewater, and because of the possibility that free chlorine
may react with some of the adsorbed and nonadsorbed organic.compounds. The
model developed in this study should thus be used only as a baseline in any
| design calculations, and a factor of safety should be used to protect against
short filter runs owing to the presence of organic matter and the entrain;
ment of particulate matter present in the water by the carbon. Further re-
search is needed to evaluate the effect of the presence of organic compounds
on the process of dechlorination and to give guidelines for factors of safety
that are needed when different kinds of water are applied to the carbon.

2. Only one carbon was used in this study. Other carbons have
different purity, surface area and pore volume characteristics and the ef-
fect of the different characteristics of other carbons on the reaction rate
constants remain to be evaluated.

3. Commercial activated carbon is usually manufactured to include
a wide range of particle sizes. Before a carbon column is put to use, it

is usually fluidized and then allowed to settled by gravity. Such a procedure
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results in a stratified bed and the design of such a bed should take this
size stratification into account. Further research is needed to evaluate
the performance of such beds when chlorinated water is applied to them either

in the downflow or the upflow mode.
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APPENDIX A
SOLUTIONS OF BATCH AND PACKED BED MODELS

In this study, an implicit finite difference scheme was used to
solve the mathematical models as described by sets of nonlinear partial
differential equations. This appendix contains the finite difference equa-

tions used and an outline of the solution procedures.
1. Closed and‘Constant Concentration Batch Reactors

Equatibns 2.27, 2.28, 2.29, 2.30, 2.31 and 2.33 describe the
behavior of a closed batch reactor. The distance variable & varies between
zero and one. This range was divided into N segments, the length, Ar, of
each being 1/N. Let r designate the position of each segment, Thus when v
is zero, it points to the mouth of the pore and when it is N it refers to
the half length of a pore.

A dimensionless time step Aq, was also selected. Let g stand for
a position in time, then the dimensionless time is given by .% q

‘ i=1
The difference equations selected to express the different

i

derivatives are

3G = GH']’L - Gr‘sq Al
3E|r,q Ar :
a%g _ S1,q 7 %t Gy A.2
222 | r.q (ar)?

§§. = Grsq _ Gr:q"] A.3
ae|r,q AqQ )
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§_Q_ = QY\’q - Q
90)r,q Aq

r.g-] | A.4

Let R represent the nondimensionalized surface rate expression for free
chlorine reduction

ng

TF k0
T+ k@

6
GP, + kg

(SIT A.5

The surface reaction rate, R, evaluated at time step q + 1 was expressed

in terms of the rate at time step q by

Rt = Brig * Galv,g CGrgn = G
S)r.q @ 0, ) A-6

Q'r,q r,gtl T Yroq

Substituting Equations A.1, A.2, A.3, A.4, A.5 and A.6 into the closed batch

mathematical model, the following two difference equations are obtained

2 2 ,9R
Aq Gr-],q+1 (2aq + (Ar)S + Aq (Ar) _(Sﬁor,q) Gr,q+1

2 (R
t 0 By gy T aq(ar)? Req ~ (aq (ar) (5ﬁor,q
2 2,9R
+ (4ar)7) Ghgq * 24 (ar) (5§)r,q (Qr,q+1 Qr,q) A.7

0 PoIR. o GR) (G, g - 6 ) = (), Q. 1+ @
R

| | ,
r,qtl 1 - Aqg Po (g_)
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Equations A.7 and A.8 are used to evaluate G and Q at position step r and
time step q + 1. The Equation A.7 when r equals N is identical to Equation

A.7 except in this case, Gr—] is equal to Gr+1 because of the sym-

»qt1 :
metry expressed by the boundary condition in Equation 2.31.

q+1

b

At the mouth of the pore, when r = 0, proper boundary condition is
given by

G -G k, L

- 1,9+1 0,91y ~ d p
Go,q+1 Go,q + [m Vp ( ir ) G 1 4q A.9

Equation A.9 constitutes the first equation of the set given by Equation A.7.

At the start of the solution, Qr o Was set to zero for all values

b

of r. To obtain the initial distribution of Gr o an approximate distri-

bution was obtained by solving Equation 2.30 assuming GP0 to be much smaller

than k,. This distribution was then corrected by a repeated solution of

8
. . oR ‘
Equation A.7 with Qr,q+1’ Qr,q and (Eﬁ)r,q set to zero. After the correct

jnitial distribution of G was obtained, the model was then solved according

to the following procedure.

(i) Equation A.8 was solved for Qr by setting Gr equal

q+] q+'|

to Gr,q'
(ii) The values of Qr g+ obtained in step (i) were then used in

solving Equation A.7 for Gr,q+1'

(iii) The values of G, obtained in step (ii) were then used to

g+1

>

recalculate Qr g+l

(iv) The values of Q obtained in step (iii) were then used

r,q+l

to recalculate Gr,q+1'
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The above scheme was repeated until convergence was achieved. In
this study, however, it was found that, if sufficiently small time steps,
Aq were employed, two iterations were sufficient to achieve good convergence.
The reason for this begin the slow change in the profile of G.

The solution of the CCBR model was exactly the same as the one
outlined abové'except, in this case, G0 q is always equal to one and conse-

quently Equation A.9 is deleted.
2. Packed Bed Column Reactor w1th Axial Dispersion

_ Equations 2.49, 2.50, 2.51, 2;52, 2;53 and 2.54 describe the be-
havior of a packed bed column reéctor with axial dispérsion. The distance
variable o varies‘between zero and one. This range was divided into M seg-
ments, the length Ah of each being 1/M. Let h designate the position of
each segment. Thus when h is zero, it points to the entrance of the carbon
bed and when it is equal to M, it refers to the exit of the bed.

A dimensionless time step Ap was also selected. Let p represent
a position in time, the dimensionless time is giVen by _z Api.

i=1
The different equations selected to represent the different

derivatives are

oF . Tmip T Thp A0
aa’h,p Ah :
& - e T et Fhap 1
30° h,p (Ah)2

QF_ = Fhsp ) Fh,p‘] A.12

3T h,p Ap
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oX _ Xh,p X

X - h,p-T
ot|h,p Ap : A.13

Similarly the rate of chlorine reduction, R(X,F), at time step p + 1 was

expressed in terms of the rate at time step p by

- F )

h,p (Fh,p+l

ROGF), 4y = ROGE), o+ (3D) o

(2R

N A.14

(X

hyp *“hyp+l = Xh,p+1)

Substituting Equations A.10, A.11, A.12, A.13 and A.14 into the packed bed
mathematical model, the following two difference equations were obtained

2

2 Ap(Ah) Pe
-Ap Fh-],p+1 + [ (ah) Pe + 2Ap -Ap Ah Pe S
3Ry 1F (-Ap + Ap AR P ) F
3Fh,p" " h,pt] P oP AR el Tha,p+l
) 2 - Ap (Ah)2 Pe Ap'(Ah)2 Pe 3R -
B (Ah) Pe h,P B S R(X’F)h,P ¥ S (gF_)hsp h9p
Ap (Ah)2 Pe 3R
- S X n,p Kn,pe1 = Xn,p) A.15
3R aR
y _ Dnp #Hap ROGRY b = W09 GG0h,p *hup * FAP R, p (Fhyper = Fip)d
h,p+1 _ 3R
[1 HAP(BX)h,p]
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Equations A.15 and A.16«were used to evaluate F and X at position
h and time p + 1. The equation for h equal to M is identical to Equation
A.15 except, in this casg, Fh—],p+1 is equal to Fh+1,p+1' This is because
of the boundary condition, at the end of the reactor, given by Equation 2.54.
At the entrance of the bed, the bduhdary condition given by Equation 2.53
contribufes the first equation’to the set of equations described by Equa-

tion A.15. This equation is

(Ah Pe + 1) F F = Ah Pe A.17

0,p+] T,p+l

At the start of the solution, Xh o Was set equal to zero for all
values of h. To obtain an initial distribution of Fh o’ the axial disper-
sion term in Equation 2.49 was dropped and the remaining equation was

solved by

= 4h
freto = Fo — 5 RIOGH) A.18

In the above F0 o is set at one.

b

Once the initial values of Fh o and Xh o were defined, the finite

difference equations were solved in .a manner identical to that described

previously for the CCBR model.

3. Plug Flow Packed Bed Reactor

Equations 2.55, 2.56, 2.57, 2.58 and 2.59 describe the behavior
of a plug flow packed bed reactor. Defining y to be equal to T - o and

using the method of characteristics, the system is
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_8__.F - l ) C=

Do . S R(X’F)9 F(O) 1 ; A.19
X _ . - |

5 " HR(X,F); X(0) 0 . A.20

As was done in’thé case of the‘packed bed reéctor with‘axial dis-
persion, the distance variable a was subdivided into M equal segments, the
length, Ah, of each being 1/M. Here also h was used to designate the posi-
tion of a segment.

A dimensioniess time step w was also selected. Let w represent
a position in the y dimension, then y is given by .g Awi. The Runge-

- Kutta-Gill method (Lapidus, 1962) was used to so]v;—lhe plug flow mathemati-

cal model given by Equations A.19 and A.20.
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APPENDIX B
COMPUTER PROGRAM LISTINGS

This appendix contains listings of the Constant Concentration

Batch Reactor, the Closed Batch Reactor and the Packed Bed with Axial

Dispersion Reactor computer programs. Each of the three programs should

be solved in conjunction with the subroutine TRIDIR (Section B.4). This

subroutine was written by Dr. R. A. Schmitz.

1.

OO0 00O OO0 O

Constant Concentration Batch Reactor

N = NUMBER OF SEGMENTS IN HALF PORE FORMATI(110)}
NSTEPS = NUMBER OF TIME STEPS TO BE EXECUTED
FORMAT{I10)

IINX = A PRINT FLAGs THE SOLUTION IS PRINTED EVERY
IINX DK INCREMENTS FORMAT({110)

CO = BULK CONCENTRATION MG/L FORMAT(F20.10)

XPY = PORE VOLUME CC/GM FORMAT(F20.10)

DA = DIFFUSIVITY COEFFICIENT CM*%2/MIN FORMAT(F20.10)

XL = PORE HALF LENGTH CM FORMAT{F20.10)

CARBON = CONCENTRATION OF CARBON IN REACTOR MG/L
FORMAT(F20.10)

DK = DIMENSIONLESS TIME STEP FORMAT{F20.10)

SIT = AS IN MODEL FDRMAT{Ff20.10)}

K8 AS IN MODEL FORMAT{F20.10}

K9 AS IN MODEL FORMAT{F20.10)

K10 = AS IN MODEL FORMAT(F20.10)

AFTER NSTEPS EXECUTIONS OF THE SOLUTION THE
PROGRAM READS A NEW VALUE OF NSTEPS AND THEN DK.
THIS IS REPEATED UNTIL A VALUE OF ZERO IS

ENCOUNTERED FOR NSTEPS WHERE THE PROGRAM IS TERMINATED



150
151

12

15

98

IMPLICIT REAL*8(A-H,0-2)

DIMENSION 6G(301),G1{301),H(301),HL{301),R{301),
10RH(301),DRG(301),A{301),AL{301),AU(301),B(301)},
2Q5{301)

COMMON QS,AU,AL»A,Gl.8B

CUOMMON N

CALL UNDERZ('0OFF')

REAL K8,K9yK1l0

FORMATH{I1O0})

FORMAT{F20.10)

FORMAT{1X,6{E15.84,5X))

FORMAT{4{E15.8,5X))

READ(5,1) N

READ(591) NSTEPS

READ(5,41) IINX

READ(5,2) CO

READ(542) XPV

READ(5,2) DA

READ(5,2} XL

READ{(5,42) CARBON

READ{(5,2) DK

READ(5,2) SIT

READ(5,2) K8

READ(5,2) K9

READ{5,2) K10

CO IS CONVERTED FROM MG/L TO GMS/CC
CO0 = C0*%0,000001
XPO IS THE DIMENSIONLESS CONCENTRATION AT PORE MOUTH

XPO = XPV*COD

N1 N-2

™ DSQRT{SIT/KS8)

DO 12 K = 14N

XI = DH*K

G{K) = -DTANH(TM)*DSINH(TM%XI}+DCOSH(TM*X])

CONYINUE -

DH 1./N

NF = N-1

DO 9 I=1,NF

AULT)=DK

AL(I)=DK

CONTINUE

ALINF)=2.%DK

PO 16 J = 1,20

DO 15 I=1,N

DRR = SIT*KB/({G(I1)*XPO+K8)**2)

RR = SIT*GII)/(GII)*XPO+K8)

B(I) DK*{DH*%2 ) #RR~( DK*( DH**2 ) *DRR+{ DH*%2) ) *G{ )
ACT) = (2. %¥DK+{DH%*2 ) +DK%* {DH*%2) *DRR)
CONTINUE

B(l) = B8{1)-DK
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CALL TRIDIR
DO 17 K = 1,N
GIK) = G1l(K)
17 CONTINUE
RATE = (=Gl2)+4,.%G(1)-3,)=DA%XXPO*CARBON/
L{2.*%DH*( XL*%2]))
WRITE(&,418) RATE
16 CONTINUE
18 FORMAT(2X,*THE INITIAL RATE IS *,E15.8,5X,
L'MG/L-MIN',//)
DO 8 I = 14Nl
AU(I) = DK
AL(I) = DK
8 CONTINUE
AU(N~-1)
~ AL{N-1)
NN = N+1
GI(NN) = 1.
GlI(NN) = 1.
DH = 1./N
NN REFERS TO MOUTH OF POREy N REFERS TO END OF PORE
DO 3 I = 1NN
H(I) = Oo
3 CONTINUE
100 FORMAT(El5.8) ,
WR[TE(bvIO)N'COvXPOOXPVQDA1XL|CARBDN10HQDKQSIT'
1KB 4K9, K10 :
10 FORMAT(2X,'THE NUMBER OF SEGMENTS PER PORE IS ',
11109/ +2X+*THE BULK CONCENTRATION IS *,F20.10,
2! GRAMS/CC®y/+2Xy
2*THE DIMENSIONLESS CONCENTRATION AT PORE MOUTH IS',
3F20.104/,
32X, *THE PORE VOLUME IS *,F20.10+* CC/GRAM',/,
42X+ 'THE DIFFUSIVITY IS '4yF20.10,' CMEX2/MIN®,/,
52Xy *THE PORE LENGTH I1S',F20.10,* CM?',/,
62X+ 'THE CARBON CONCENTRATION 1S',F204104' MG/LY/,
72Xy *THE DISTANCE STEP IS',F20.10,/7,
82X+ *THE TIME STEP IS',F20.10,/,

DK
- 2+%DK

QZX1‘SIT = '1F20.109' K8 = ',FZO.lO./.
12Xo?K9 = 1,F20410,° KLO = ',F20.10)
TIM = 0.
AMREM = 0,
WRITE(6,21)

21 FORMATU{//+6Xe*TIME MIN® y9X ' AMTJREMe GM/GM* 94Xy
1'AMTLREC. GM/GM',5X, "RATE MG/L-MIN*,/)
ITT = TINX = 1
13 DO 20 J4J = 1,NSTEPS
DO 4 1 = 14NN
R{I) = GUID*(SIT-KI*XPO*H{T)/{1.+K1O*XPO®H(TI)})/
LIG(I)*XPO+K8)
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DRG(I) = KB¥(SIT-KI*XPO*H(I)}/({1l.+K1O0%*XPOXH(I)})/
LU{G{I)*XPO+KB)*%x2)
DRHII) = -K9%XPO*G(I}/{{G(I)*XPO+K8)}*
L{(1le+KLO*XPOXH{]) )%%2]))
HL(I}= (H{T)+DK*(R{II-DRHCI)*H{ 1))}/ (1—-DK*DRH(I))
4 CONTINUE
DO 5 1 = 1,N
ACL) = —(2.%DK+(DH*%2) +0K* (DH**2)}*DRG( 11} )
B{I) = (DH*%2)*(DK*R(I)-(DK*DRG(I)+1s)*G(1) +
10K*DRHAT I (HL(IV-H(I)))
5 CONTINUE
B{L) = B(LI~DK*G{NN)
CALL TRIDIR
DO 6 I = 14N
BII) = B(1) — DK*(DH¥*2)%H1(I1)*DRH{IL)
H1(I) = {(DK*{R(OI)4DRGL{I}*(GL(I)=G(I))-DRH{L}*H(T)}}
L+H(I)) /(1e=DK*DRH(I))
BII) = B(I) + DK¥(DH**2)*HL{I)*DRH(I)
6 COUNTINUE
CALL TRIDIR
DO .7 I = 14NN
H(I) = HLLI)
G(I) = GL{1)
7 CONTINUE
RATE ={(-GL(2) + 4.%GL(1) - 3.*GL{NN) )*DA®XPO*CARBON/
LI2.*¥DH®{XL**2]))
AMREM = AMREM+RATE*DK%(XL*#*2)/(DA*CARBON)
AMREC = {HINN) + H{N))/2.
NS = N-1 :
DO 11 £ = 14NS
AMREC = AMREC + H(I)
11 CONTINUE
AMREC = AMREC#*XPO/N
TIM = TIM + DK*{XL%%*2)}/DA
[IT = LIT +1
IF{IIT.NE.IINX) GO YO 20
WRITE{6,4150)TIMy AMREM,AMREC, RATE
IIT = 0
20 CONTINUE
READ(5, 1 INSTEPS '
IF{NSTEPS.EQ.O) GO 7O 14
READ(5,2)0DK
DO 25 I = LlsN1
AUCI) = DK
AL(I) = DK
25 CONTINUE
AU(N-1) =
AL{N-1) =
60 T0 13
l4 STOP
END

DK
2+ %DK
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Closed Batch Reactor

—
(SR8 ]

. N = NUMBER OF SEGMENTS IN HALF PORE FORMAT{Il0]}

O N

NSTEPS = NUMBER OF TIME STEPS TO BE EXECUTED
FORMAT(I10)

IINX = A PRINT FLAGy; THE SOLUTION IS PRINTED EVERY
TINX DK INCREMENTS FORMAT(I10)}

COo = INITIAL BULK CONCENTRATION MG/L FORMAT(F20.10)

XPy = PORE VDLUME CC/GM FORMAT{F20.10)

DA = DIFFUSIVITY COEFFICIENT CM¥%%2/MIN FORMAT(F20.10)

XL = PORE HALF LENGTH CM FODRMAT({F20,10)

CARBON = CUNCENTRATION OF CARBON IN REACTOR MG/L
FORMAT{F20.10}

DK = DIMENSIONLESS TIME STEP FORMAT(F20.10})

SIT = AS IN MODEL FORMAT{F20.10}

K8 = AS IN MODEL FORMAT(F20.10)

K9 = AS IN MODEL FORMAT{F20.10)

K10 = AS IN MODEL FORMAT{F20.10)

STRIP = FIRST ORDER RATE CONSTANT FOR CHLORINE
DISAPPEARANCE 1/MIN FORMATIF20,10})

AFTER NSTEPS EXECUTIONS OF THE SOLUTION THE
PROGRAM READS A NEW VALUE OF NSTEPS AND THEN DKs
THIS 1S REPEATED UNTIL A VALUE OF ZEROD IS
ENCOUNTERED FOR NSTEPS WHERE THE PROGRAM IS TERMINATED
IMPLICIT REAL*8([A-H,0-2)

DIMENSION GE301)+GL{301),H{30L),HL{30L},RL301},
1DRH{301},DRG{301),A(301}+yAL{30L).,AU{301},B(301),
2Q5(301)

COMMON QSsAUsAL,A,G1,B

COMMON NN

CALL UNDERZUPDFF')}

REAL KB,K9,K1O0

FORMAT{I10}

FORMAT{F20.10}

FORMAT{1X+6[lEL15.8,45X))

FORMAT{4{E15.84+5X)})

READLI5,1I)N

READ{S54 1L INSTEPS

READ{5, 11 1INX

READ{5,21CO

READ{S42)XPV

READ(5,2)DA
READ{S,2)XL
READ{5,2}CARBON
READI542)DK
READ(5,42) SIT
READ{5,2) K8 .

READIS5,2) K9
READ(5:2) K10
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READ(5,2)STRIP
CO IS CONVERTED FROM MG/L TO GMS/CC
CO = C0%0.000001

XPO IS THE DIMENSIDNLESS CONCENTRATION AT PORE MOUTH

XPV%CO
SIT/K8

TM = DSQRT(STM)

DH = 1./N

D0 12 K=1,N

X1 = DH%K

G(K) = -DTANH(TM)*DSINH{TM*XI)+DCOSH[TM*XI )
CONTINUE

NN = N

NF = N-1

DO 9 I=1,NF

AULL) = DK

AL(I) = DK

CONTINUE

AL(NF) = 2.%DK

DO 16 J=1,20

DO 15 I=1,N

RR = SIT*G(I)/(G(I)*XPO+K8)

DRR = SIT*K8/{(G(I)*XPO+K8)**2)

B(I) = DK*{DH#%2)%RR—(DK*( DH¥%2)¥DRR+(DH¥%2) ) ¥G{ 1)
A(I) = —(2,%DK+{DH*#2)+DK* (DH%%2)*DRR)
CONTINUE

B(1) = B(1)-DK

CALL TRIDIR

DO 17 K=1,N

GEK) = GL(K)

CONTINUE

RATE = (-G(2)#4.%G{1)-3.)%DA*XPO*CARBON/
L{2.%DH¥(XL*%2) ) -
WRITE(6,18)RATE

CONTINUE

FORMAT (2X,'THE INITIAL RATE IS ',EL15.8,5X,
1*MG/L-MIN' ,//)
WRITE{6+10)NyCOyXPOyXPV,0A XL, CARBONDH,DK,SIT,
1K8 K9, K10y STRIP

XPO
STM

i
(1]

10 FORMAT (2X,*THE NUMBER OF SEGMENTS PER PORE IS '

11109/92Xs* THE BULK CONCENTRATION IS *'yF20.10,

2! GRAMS/CC® 3/ 42X,

2'THE DIMENSTONLESS CONCENTRATION AT PORE MOUTH IS?Y,
3F20.104/, :

32Xy *THE PORE VOLUME IS '4wF20.10,' CC/GRAM',/,

42Xy *THE DIFFUSIVITY IS *yF20.10,* CM*%2/MIN'y/,
52Xy *THE PORE LENGTH IS°,F20.10," CM',/,

62X °THE CARBON CONCENTRATION IS*,F20.10,' MG/L",/,
72Xy *THE DISTANCE STEP 1S*,F20.10,4/,

82X, *THE TIME STEP IS*sF20.104/

—_—
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92X 'SIT = "4yF20.104° K8
12X, %K9 = '",F20.10,° K10

22X+ *STRIPPING RATE CONSTANT
IIT = TINX-1 '
WRITE(6,21)

21 FORMAT({//+6Xs*TIME MIN® y9Xy* AMT .REMs GM/GM?y 4X,

LTAMTL.REC. GM/GM?® 45X, *RATE MG/L-MIN®,6X,

2'CONC. GM/CC*'/)

i 'FZOOIO'/'
Y 3yF20.1047/
*4F20.10,°? 1/MIN® )

[}

TIM = 0.

AMREM = 0.

CM = CARBON*,0Q00001
NN = N+l

DO 50 1 = 1N

KIT = N+2-1

HIKIT) = 0.

GIKII} = G(KII-1)
50 CONTINUE '

H{1) = 0.
G(l) = 1.
55 DO 8 [=2,4NF
AUCT) = DK
AL(I) = DK
8 CONTINUE
AU(N) = DK
AL(N) = 2.%DK
AU(1) = -CMxXPV%DK
AL(1} = DK

A(l) = DH+CM*XPV#*DK
DO 20 JJ=1,NSTEPS
B{l) = DH*G(L)=G(L)%DH*STRIP*DK*{XL*%*2)/DA
DO 4 I=1,NN
ROTI) = GUIV*(SIT-KI9*H(I)/ (1. +K10*H(I)))/(GUI)I%XPO+K8])
DRG{I) = KB*{SIT-K9*H{I)/(1.+K10*H(I)))/
LU{G{I)*XPO+KB)*%2)
DRH(I) = —K9xGII[)/({G(I)%XPO+KB)*{ (1. +K10*H(]1))%%2)})
HL(I) = (H{I)+DK*XPO*(RII)-ORH(I)*H(I)))/
L{1.-DK*XPO%DRH(I))
4 CONTINUE
DO 5 I=2,NN
A{I) = —(2.%DK+{DH**2)+DK*{DH**2)%DRG( 1))
B(I) (OH%*%2 ) % (DK*R{I )}~ (DK*DRG(I)+1..) *G(I) +
1DK*DRHET 3% (HLI(I)-H{T)))
5 CONTINUE
CALL TRIDIR
DO 6 I=24NN
B{I) = B(I)-DK*(DH**2)%HL({ I)*DRH(L)
HI(T} = (XPO*DK*{R({IV+DRG(II*(GL(IH)-G(I))-DRH(L)*
IH(I))+#H{I))/ (1o—-DK*XPO*DRHIT))
BUI) = BUI)+DK*(DH**2)*H1(I)*DRH(I)
6 CONTINUE



104

CALL TRIDIR
DO 7 I=1,NN
H(T) HI{T)
G(I) GL(I)
7 CONTINUE
RATE = {=Gl(3)+4.%G1l{2)-3.%G1{1))*DA*XPO*CARBON/
1{2.%DH¥(XL*%%2))
AMREM AMREM+RATEXDK* (XL*%2 )/ (DA*CARBON)
AMREC (HOL)+H{NN}) /2.
D0 11 I=2,N
AMREC = AMREC#+H(I)
11 CONTINUE
AMREC = AMREC/N
TIM = TIM#DK*{XL%%2)/DA
CN = G{1)*CO
II7T = 1IT+1
IF{IITNE.TINX)GO TO 20
WRITE(6,150) TIM, AMREM,AMREC,RATE,CN
IIT = 0
20 CONTINUE
READ({541) NSTEPS
IFINSTEPS.EQ.O0)GD TO 14
READ(5,2) DK
GO 10 55
14 STOP
END

n

3. Packed Bed Reactor

N = NUMBER OF SEGMENTS IN PACKED BED FORMAT(I10)
NSTEPS = NUMBER OF TIME STEPS TO BE EXECUTED
FORMAT(I10)
INDEX = A PRINT FLAG, THE SOLUTION IS PRINTED
EVERY INDEX DK INCREMENTS FORMAT(I10)
CO = INFLUENT CONCENTRATION MG/L FORMAT(20.10)
DA = AXIAL DISPERSION COEFFICIENT CM*%*2/MIN
FORMAT(20.10)
XL = BED LENGTH CM FORMAT(20.10)
FORMAT {20.10)
AREA = PACKED BED CROSS-SECTIONAL AREA CM%#*2
XPORC = POROSITY FORMAT{20.10)
VOLUME FORMAT(20.10)
CARBON = GRAMS OF CARBON IN ONE CuBIC CM OF BED

OO0 0000
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FLOW = TOTAL INFLUENT FLOW RATE CM*%*3/MIN
FORMAT{¥20,10)

DK = DIMENSIONLESS TIME STEP FORMAT(F20.10)

XJEI) = NINE CONSTANTS FOR THE ALGEBRAIC RATE
EXPRESSION R{U{X,C) » THE UNITS FOR THE RATE
EXPRESSION ARE 1./MIN AND THE CONSTANTS ARE READ
USING FORMAT{El5.8)

AFTER NSTEPS EXECUTIONS OF THE SOLUTION THE PROGRAM
READS A NEW VALUE FOR NSTEPS AND THEN DK THIS IS
REPEATED UNTIL A VALUE OF ZERO IS ENCOUNTERED FOR
NSTEPS WHERE THE PROGRAM IS TERMINATED
IMPLICIT REAL*¥8(A-H,0~-2)

"DIMENSION AU{301),AL(301),TEMP{301),A{(301),+B(301}),

IR{301),DRX{301),DRP{(301),P(30L),PL{30L),X{301L),

2X11301)+Q5(301),XJ(9)
COMMON QS,AUsALsAP1,+8B
COMMON NP
CALL UNDERZ('OFF'})

1 FORMAT(I10)
2 FORMAT{F20.10}

150 FORMAT{1Xs6(EL5.8¢5X1)])

151 FORMAT(ElS5.81}

152 FORMAT{10LX,EL15.8})
READ{S¢1) N
READIS5,1) NSTEPS
READ{5,1) INDEX
READiIS5,2% CO
READ{5,2}) DA
READ(5,2) XL
READ(5,2) CARBON
READ(5,2) XPORD
READ{5,2) AREA
READ(5,2) FLOW
READ(5,2) DK
DO 99 [=1,9
READ{5,1513iXJ{1I)

99 CONTINUE
CO IS CONVERTED FROM MG/L 70O GMS/CC
CO = CO0%0.000001

DH = 14/N
NP’ = N+1
N1l = NP-2

V = FLOW/(AREA*XPORO)

WRITE(6510) NyCO»DAyXL,CARBUON, XPOROy AREA,FLONW,V,
1DH,0K

10 FORMAT(2X,*THE NUMBER OF POINTS IN BED IS ',110,./,

12Xy *THE BULK CONCENTRATION IS *,F20,10,° GRAMS/CL®
2¢/ 92X *THE AXIAL DISPERSION COEFFICIENT IS ?,
3F20410y ' CM%%2/MIN®y /92Xy "THE BED LENGYH IS *,F20.10
499 (CM%,/,2X,*THE CARBON CONCENTRATION IS',F20.10,
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82Xy
92X
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GM/CC%9 /92X THE POROSITY IS®,F20.10+/y

*THE CROSS SECTIONAL AREA IS'yF20.10,¢% CM*¥29,/,
STHE FLOW RATE IS',F20.10,* CC/MIN®,/,

'THE PORE VELOCITY IS',F20.10,* CM/MIN*,/,

*THE DISTANCE STEP IS*,F20.10,4/,

"THE TIME STEP IS®eF20.1047/77/)

TE{6,21)

21 FORMAT(OX, *TIME MIN'7TX,*VOLUME IN L/CM%%2¢,3X,

3

7

13

1¢74Q
2'CO
XPE
DO
X(1
CON
CON
P{1
DO
PLK
CON
vi
ve
V5
V6
v7
Va3
V9
S
T
TIM
AMR
AU
Al
B(1
171
TT2
T73
AU
AL(
AL {
00
AUl
AL{
TEM
CON
TEM
TEM
TT4
775
176
IIT

Te VOLe IN LYy 7Xs *AMT .REMos GM ?e6Xy
NC.EFF. MG/L®,6X, 'AMT.REAC. GM ty/)
CLE = XL*V/DA

3 1 = 1yNP

} = 0.

TINUE

ST = —DHXACARBON®XL%*XJ{1)/{V*XPORD)

I o= o v

T KKK = 23NP

KK) = P{KKK-1)+CONST*P{KKK=1)}/(XJ(2}+CO*P (KKK=-1))
TINUE

= XJ{1)*CO

= Vi*XJ4(2)

= =XJ{4)%C0

XJ{3)1=xXJ(5)

VS%Vb

XJ{71%CO

= ([ XJL6IEEXI{8)IXIBIXXILT)
CARBON%XL/{V*CO*XPORO}

i

i

XL/V

= o&
EM = 0.

1} = ~1.

} = DH*XPECLE+l.

) = DH*XPECLE

= DK*DH*XPECLE-DK

= -DK

= (DH*%2)*XPECLE +2 +*¥DK~DK*DH®XPECLE
N} = TT1

1) = 172
N) = 2.%TT2
8 1 = 24N1 ,
Iy = 7711

1y = 172

P{I) = 773

TINUE
Pi{N} = 773
P{NP) = (DH¥¥2}*XPECLE+2,%DK
= THDK,

= DK*(DH#%2)¥XPECLE*S

= {DH¥%2) *XPECLE

= INDEX-1
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DO 20 JJ = 1yNSTEPS

22 DO 4 I = 14NP
Wl = XJ12)+CO0*P(1])
W3 = DEXP{VS5*P{1))
We = lo+XJI3I%W3%X(I1)
W5 = X({I)*DEXP{VB*PII))
Wo = lat((XJ(6)EWS)IREXJ(B))
Gl = V1*P(I)/Wl
G2 = WaxxXJ(5)
G3 = W6*%XJ(9)
G4 = V2/(W1**%2)
G5 = VO6*xW3*(Wasx{XJ(5)-1.1})
66 = 9*(H5**(XJ48)—1.’!*DEXP(VB*P(I))*

L{Woe**{XJ(9)-1e))
G7 = VIEX{ID)*H3*{W4*x(XJ(5)-1a))
G8 = Go*VvaexX(I1)

Gl0 = G2*G3

Gll = (GLO**2)

6Gl2 = -G1%G3

Gl3 = =-G1*G2

R(I) = G1/GlO

DRX(I) = (Gl3*G6+G12*G5)/G11

DRP(I) = (GlO*G4+Gl2*G7+GL13*G8)/G11

XL(I) = (X{ID+TTA*R{I)~-TT4*DRX(II*X{I))/(1.~-TT4
1*DRX (1)) '
4 CONTINUE
DO 5 I= 24NP
A(I) TEMP(I) + TTS*DRP (I}
B(I) TTO*P(I) ~TTS*{R(I)-DRP(I)V*P(I)+DRX ()%
LUXLED)=X(E)))
5 CONTINUE
CALL TRIDIR
DO 6 1 = 2,NP
B{I) = BUI)+TTS5*DRX(I)*X1{1I)
X1{I) = XL{I) ¢ TT4*DRP(I)*(PLLI)-P{I))/{1l~TT4*

1ORX(11}}
B(I) = B{I) - TTS*DRX(I)%X1(I)
6 CONTINUE
X1(1) = X1(1) + TT4*DRP(L)I*(PLILI-P(L))/(1.-TT4%
1DRX (1)) :

CALL TRIDIR

CLAST = P(NP)

DO 25 1 = 14NP

X{r) X1(1)

PLI) PLII)

25 CONTINUE

TIM = TIM#DK*XL/V

AMREM = AMREM + FLOW*{1l.-(CLAST#P(NP)})/2.)*CO*DK*XL/V
CEF = P(NP)}*1000000.%*CO

Q = VXTIM&XPORO/1000.
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F = FLOW*TIM/1000.
IIT = [IT+1
IF(IIT.NE.INDEX) GO TO 20
WRITE(6,150) TIM,Q.F,AMREM,CEF
IIT =0

20 CONTINUE
AMREC = (X(1) + X(NP))/2.
DO t1 I = 24N
AMREC = AMREC + X1{I)

11 CONTINUE
AMREC = AMREC*CARBON®AREA*XL/N
WRITE(6,152) AMREC
READ(5,1) NSTEPS
[IF(NSTEPS.EQ.0) GO TO 14
READ{5,2) DK
IIT = INDEX - 1
GO 7O 13

14 STOP
END

4. Tridiagonal Matrix Solver (TRIDIR)

SUBROUTINE TRIDIR

IMPLICIT REAL*8{A-H,0-Z)

DIMENSION QS(301),AL{301),AU(301),A(301),

1P1{301),8(301) y :

COMMODN QS,AU,AL,A,P1,8B

COMMON N

Nl = N-1
100 QS(1l) = AU(L)/AL(1)

DO 110 J = 2,4N1

QDEN = A{J)=-AL(J-1)%QS(J-1)

110 Q@S(J) = AULJ)/QDEN
PL(1) = 8(1)/A(1)
DD 120 J = 24N
GNUM = B{J)-ALUJ-1)%*PlLJ~-1)
GDEN = A{J)-AL{J-1)%QS(J-1)
120 P1{J) = GNUM/GDEN
DO 130 J = 1.N1
M = N-J
130 P1(M) = PLIM)-QS{M)*PL{M+1)
RE TURN

END






