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THESIS ABSTRACT
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ABSTRACT

This study is an experimental evaluation of the effect of molecular
oxygen on the adsorptive capacity of granular activated carbon (GAC) at
bench scale. Adsorption isotherm studies were performed for phenol and o-
cresol under room temperature (23°C) and controlled neutral pH. Standard
bottle-point technique was used for three identical sets of bottles with
modifications. A new procedure for obtaining the isotherm, denoted as oxic
procedure, is introduced where molecular oxygen is purged in one bottle
set. The second set, denoted as anoxic, include purging nitrogen gas for
excluding the oxygen. The last set dose not include any purging and only
the standard procedure, aerobic, is used.

Experimental results show that the presence of molecular oxygen
increases the adsorptive capacity of GAC up to 167% for phenol and 141%
for o-cresol. These results were signified statistically using SAS program.
It is experimentally proved that the biological activity was not responsible
for the increased adsorptive capacity of GAC for phenol and o-cresol.
Therefore, a chemical reaction is responsible for this increase.
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CHAPTER 1

INTRODUCTION

The increasing awareness of the potential hazardous of man-made
chemicals and petrochemicals and stringent standards enacted by
regulatory agencies, and with increasing concentrations of organic
compounds caused by domestic and industrial wastes have been
appreciated in the last decade. Most of those chemicals had found
difficulty in treatment by conventional biological methods [13]. So
today’s treatment goals are focused on individual chemicals, rather than
gross parameters such as BOD, TOC, etc. Thus the treatment
technologies have to be developed and designed towards these chemical-
specific standards and goals. Therefore many researchers have been
concentrating on the treatment of wastewaters by physical and chemical

methods.

Adsorption, which involves the interphase accumulation of
substances, is a very efficient physical-chemical treatment method to
remove those chemicals out of liquid solution or reduce their liquid

phase concentrations to below the inhibition levels, thus permitting the
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utilization of the biodegradable constituents of the wastes. Carbon
adsorption is one of the best adsorbents, and is widely used today in
water, wastewater, and hazardous wastes treatment due to it’s excellent
adsorptive capacity [33,34], and it’s superior microbial attachment
properties [24]. Activated carbon has been used in aerobic reactors [32],
and in anaerobic reactors [8,9,31], as well as treatment of surface

waters [30].

There was no research to study the effect of oxygen on the
adsorptive capacity of carbon, with the exception of Vidic et al. [35],
who studied the adsorption process under two conditions of oxygen.
This research, that was conducted before the research of Vidic et al was
published, will study the effect of oxygen on the adsorptive capacity of
granular activated carbon (GAC) under three conditions of oxygen: oxic,
aerobic and anoxic by conducting adsorption isotherms taking phenol
and o-cresol as typical adsorbates. Phenol and o-cresol are taken since
they are common effluents from many petroleum and petrochemical
industrial wastewaters, they are .priority pollutants and they are

extensively found in the literature as to make comparison.

The isotherm data (which represents the equilibrium at constant
temperature between the quantity .of adsorbate retained per unit mass of
adsorbent “q”, and the concentration of adsorbate in solution “C”) are
most commonly obtained using the standard bottle-point technique. This

technique involves adding a stock solution of adsorbate to different



amounts of activated carbon and mixing until equilibrium is reached and
has been widely used in the literature {7,20,21,30,35,37,38] and is
used in this study. Unfortunately, a unified procedure for conducting
this experiment has not yet been established. So we see diversity in
published data because experimental procedures differed with respect to
carbon preparation, carbon particle size, volumes of the bottles used in
the experiments, volume of adsorbate solution added, buffer
application, and equilibration time. The equilibrium time allowed to
reach capacity is the most important factor that affects the isotherm data,

and it varies from few hours to several weeks [5,25].
The objective of this research is summarized as follows:

1) to investigate the equilibration time of phenol adsorbate on

granular activated carbon.

2) to investigate the effect of dissolved oxygen on the adsorptive

capacity of granular activated carbon for phenol and o-cresol.



CHAPTER 2

LITERATURE REVIEW

Giusti et al. [6] studied the removal of residual organic.
compounds from wastewater by activated carbon adsorption. They have
found in their study of adsorptive capacity trends of compounds below
four carbons in the chain are: undissociated organic acids > aldehydes >
esters > ketons > alcohols > glycols. On the other hand, they found in
the trend of the compounds above four carbons that the alcohols have
moved ahead of the esters. Also they found that from equilibrium test
the ultimate capacity for carbons in batch system is higher than that in

continuous system.

Martin and Al-Bahrani [14] observed the effects of solution pH
and concentration, carbon particle size, carbon bed depth, and flow rate
on the adsorption capacity of GAC by using both batch and column bed
systems for pyridine, 2-methylpyridine, and o-cresol. Insignificant
effect of carbon particle size on the adsorption capacity of the carbon
was found. An increase in pH from 6.8 to 9.5 had no effect on the
adsorption capacity but decrease in PH from 6.8 to 5.0 resulted in a

significant decrease in adsorption capacity. It is found also that the rate
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of adsorption on carbon increased with a decrease in carbon particle size

and with increase in initial solution concentration.

-

Eldib and Badawy [4] reported a considerable amount of data on
the adsorption of benzene, toluene, o-xylene, and ethylbenzene on
granular activated carbon. The adsorption increase in the order: o-xylene
> ethylbenzene > toluene > benzene. Adsorption of the studied
compounds increase as their solubilities decrease and molecular weights
increase. After a contact time of two days, adsorption at equilibrium

concentrations is established.

Peel and Benedek [25] studied the effect of equilibrium time on
the activated carbon adsorption of phenol and o-chlorophenol, and
stated that the variations in the adsorption capacity in the literature
before occur only if true equilibrium is not reached, also reported that .
the type of buffer used, the carbon particle size, and the initial
adsorbate concentration had no effect on the adsorption isotherms. They

suggested thirty days equilibration time for GAC and five days for PAC.

Van Vliet et al. [33,34] compared the performance of two
activated carbons and eight synthetic adsorbents on the phenol, p-
toluene-sulfonate, and p-chlorophenol in terms of adsorption capacities
and mass transport properties of the adsorbents. They have found that
the activated carbons are superior, however, at high industrial
concentrations > 1000 mgl-1, the adsorption capacities appeared to

converge.
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McGuire and Suffet [16] studied the interaction between chlorine
and activated carbon using a group of four organic compounds which
span the range of polarity. The equilibrium adsorption capacities of four
polarity probes; nitromethane, methyl ethyl ketone, n-butanol, and 1,4-
dioxane; were significantly reduced because of surface oxidation of
chlorine. From the kinetic studies conducted it was found that twelve
days of equilibration time is sufficient for nitromethane and methy! ethyl
ketone and one day for n-butanol and 1,4-dioxane. It is also reported
that column studies have been conducted for both oxidized and virgin
carbon samples, and showed a significant decrease in the adsorption
capacity of activated carbon for an increase in the amount of chlorine
reduced on the carbon surface. The nonpolar, virgin carbon surface was

shown to be the most efficient surface adsorbent.

Seidel et al. [29] studied the phenol adsorption capacity on four
types of activated carbon. The Filtrasorb 400 carbon onto phenol
adsorption capacity has distinctly higher capacity than the other
carbons. Also the study reported at higher temperature more phenol is
adsorbed than at lower temperature. The equilibrium was established

after two weeks for all the types of carbon.

Yonge et al. [38] have done an experimental studies for the
effects of irreversible adsorption of single solute on GAC. The sorbates
were five low molecular weight substituted phenols. The study

concluded that a significant fraction of adsorption on GAC was found to
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be irreversible, and the occurrence of irreversibility influence the shape
of the isotherm. They noted that a sufficient limit for equilibrium time

was ten days.

Najm et al. [20] studied the removal of trichlorophenol (TCP) on
powdered activated carbon (PAC) by running equilibrium and batch
kinetic tests. Trichlorophenol isotherm bottles were incubated for seven
days. Isotherm tests in groundwater showed significant reduction (50%)
in adsorption capacity because of the decrease in equilibrium capacity.
The presence of naturally occurring humic substances in groundwater
was found to significantly decrease the PAC capacity and rate of

adsorption of TCP.

Speth and Miltner {30] did isotherms studies of activated carbon
by using three types of water, distilled-deionized (DD) water, sand
filtered Ohio river (OR) water, and sand filtered Great Miami Aquifer
(GMA) water. They have found that the natural water isotherms

generally had a reduced capacity compared with the DD water isotherm.

Vidic et al. [35] examined the influence of molecular oxygen on
the adsorptive capacity of GAC for phenol, o-cresol, and 3-ethyl-
phenol. It was found that two weeks of equilibration time is sufficient.
They introduced a new experimental procedure for obtaining adsorption
equilibria data, denoted as anaerobic, providing elimination of molecular
oxygen with the adsorption process. It was found that the capacity of

GAC under aerobic conditions is greater than the capacity under



anaerobic conditions especially in the low concentrations. The

difference at higher concentrations tends to be small.

-

Nakhla et al. [21] studied the impact of nitrogen on the adsorptive
capacity of activated charcoal for phenol. Ten days equilibrium time was
used. It was shown that the capacity of activated charcoal with nitrogen
purged solution is lower than that with nitrogen free solution by as

much as fifty percent.
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CHAPTER 3

EXPERIMENTAL PROGRAM

Materials and Equipments

The materials and equipments used in all the experiments

conducted in this study are:

1)

2)

Granular activated carbon (GAC) : the activated carbon used in
this study was mesh activated carbon supplied by the
manufacturer (BDH Chemicals Ltd., Pode, England) in a 10x40
U.S. mesh size. To produce more uniform size ranges, carbon
was sieved to the 10x12 and 12x14 U.S. mesh sizes. Before
usage, the carbon was washed several times with water until all
the fines in it were removed. The carbon was then dried in an
oven at 108°C for one day, and finally stored in a desiccator prior
to use. All the adsorption experiments were performed with this
batch of GAC.

Buffered water : deionized water was buffered at neutral pH by
the addition of 0.01 moles of potassium phosphate mono basic

(KH2POy4) per liter of deionized water. The pH was then adjusted



3)

4)

5)
6)
7)
8)
9)
10)

3.2

10

to 7.0 by the careful addition of NaOH and/or HCI solutions. This
water was used for the preparation of all the organic and standard
solutions.

A 1000 mgl-! phenol solution was prepared by dissolving l1g of
reagent grade phenol per liter of buffered water.

A 1000 mgl-1 o-cresol solution was prepared by dissolving 1g of
reagent grade o-cresol per liter of buffered water.

160-ml glass bottles with rubber caps.

Standard glass wares and glass tubes.

0.45 microns millipore filter paper (diameter=0.5 in.).

Pausch & Lamb mass spectrophotometer.

Oxygen and Nitrogen gas cylinders.

D.O. probe to measure the dissolved Oxygen.

Adsorption Equilibria

To conduct the isotherm experiment for any adsorbate a contact

period, or time to reach equilibrium, between the GAC and the adsorbate

is the most important factor. There are two techniques to determine the

time required to reach equilibrium, batch technique, and standard bottle

point technique. The two techniques are described as follows:

3.2.1 Batch Technique

Powdered activated carbon (PAC) is the carbon most suitable for

the batch-type contact process. The experiment is carried by adding a
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known quantity of carbon to a given volume of the water to be treated
and mixing until true mixture is observed. The mixture is then placed in
a stirring apparatus. A sample is then removed at various time intervals
from which the carbon is immediately removed either by filtration or
centrifugation. The residual concentration of the contaminant is
subsequently determined in each sample. The data are plotted to show
the change in concentration with time. Adsorption equilibrium is
achieved at the contact periods where no significant change in
concentration is observed with increased time.

This technique has a disadvantage in which it assumes true
mixture is achieved as samples are subsequently drawn while it is not
always the case. Samples may be drawn from parts of the mixture that

could have relatively different residual concentrations of the adsorbate.

3.2.2 Standard Bottle Point Technique

GAC is used in this technique. The technique involves placing
accurately weighed equal amounts of GAC into a series of bottles having
equal volumes of adsorbates. After placing them in a shaker, bottles are
removed at various time intervals one at a time and tested as explained
earlier in the batch technique. This technique involves neither change in
the volume of adsorbate, nor change in the amount of carbon for each
sample tested. Therefore, it is considered more accurate than the batch

technique and yet, more simple. The standard bottle point technique is



used, therefore, in this study for the equilibration time experiment and

for the isotherm test experiments as presented below.

3.3 Equilibration Time for Phenol

Twenty of the 160-ml bottles were prepared. Then 100 ml from
the phenol solution was filled in each bottle using volumetric pipet.
Subsequently 0.5g of GAC was accurately weighed (= 0.1 mg) and put
in each bottle. The bottles were closed with rubber caps and placed in a
shaker at room temperature (23°C) for a period of ten days. Two bottles
were removed from the shaker every day where 20 ml samples were
withdrawn from each bottle, filtered through 0.45 um Millipore filter
paper, and analyzed for phenol.

A spectrophotometer was used to measure the adbsorbate
concentration at a wave length of 270 nm for phenol. Dilution by
buffered water was made when needed. Calibration curve was
constructed for phenol and used to convert absorbance readings to
concentrations.

This generated two sets each of 10 bottles. The set which showed

the better results was presented in this report.

3.4 Isotherm Tests
As previously mentioned, the bottle-point technique was used for

the adsorption isotherms tests. However, three different procedures;
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denoted henceforth as oxic, aerobic, and anoxic; were employed in
conducting these tests.

The oxic procedure required full saturation of the sorbate with
molecular oxygen. This involves pipetting 100 ml of sorbate solutions
into a series of 160-ml bottles. Then each bottle was purged with
oxygen gas for four minutes inside the solution and two minutes in the
head space of the bottle and quickly closed with a rubber stopper.

The aerobic procedure is the traditionally used technique that is
similar to the oxic procedure but no purging is done. This procedure
allows for three different sources of molecular oxygen in the bottles, air
in the headspace of the t;ottles, air associated with the carbon particles,
and dissolved oxygen present in the solution water. The dissolved
oxygen for one bottle was measured by D.O. probe.

While the anoxic procedure, in the other hand, requires the
absence of molecular oxygen from isotherm bottles. This was achieved
by purging the bottles as the oxic procedure but using nitrogen gas.
From previous experience it has been shown that this purging time is
enough to reduce the dissolved oxygen concentration to almost zero
[21].

In each set of bottles, one bottle was left without GAC. This
bottle served as a blank to check for sorbate volatilization and/or
adsorption onto the walls of the bottle during the equilibration period.

All the isotherm bottles were then placed in a shaker at room

temperature (23°C) and allowed to equilibrate for ten days. After ten
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days, the bottles were removed from the shaker and decapped. A 20-ml

sample was drawn from each bottle and filtered through 0.45 um
Millipore filter paper of 0.5 in. diameter. The filtrates were stored in

30-ml clean glass vials before analysis.

Prior to the analysis of the samples on the mass
spectrophotometer, a calibration curve for phenol and o-cresol was
generated by running 10, 20, 30, 50, 70 and 100 mgl-! standard
solutions of each compound prepared from the original solutions on the
mass spectrophotometer. The wave length used for phenol and o-cresol

detection was 270-nm. In both cases a 1 cm quartz cell was used.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Phenol Equilibrium Time.

The results of the phenol equilibration data vs. time in days were
presented in Table 4.1 and drawn in figure 4.1. From the given table
and figure, it can be seen that two rates of phenol adsorption exist. The
first rate is associated with rapid decline in the concentration of phenol
that occurs in the first day. Particularly, the phenol concentration
declined from 1000 mg/l to about 263 mg/l which represents 74%
removal in the phenol concentration after the first day. The second rate
is slow where in the remaining nine days the phenol concentration went
down from 263 mg/l to 144 mg/l that represented about 12% reduction

from the initial concentration.

These observations strongly agree with the findings of Peel and
Benedek [25]. They described the adsorption behavior of the adsorbate
with GAC by a dual rate macropore-micropore adsorption model. They
stated that 60% to 80% of the adsorptive equilibrium is reached within

few hours, and the remaining capacity is utilized very slowly.



Table 4.1:

Phenol Equilibration Time

Time
(days)

Concentration
(mg/l)

0

1000

—

263

232

205
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146
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Fig 4.1: Time Equilibrium Curve for Phenol

—
o



18

Also it can be seen that a 10 days period would be sufficient to
reach equilibrium as the curve levels out after the eighth day without
significant change in the concentration. Particularly the phenol
concentration after the eighth day was 146 mg/l while after the tenth day
it was 144 mg/l which marks a 2 mg/l decrease in two days (<1%
decrease per day). This change is within the spectrophotometer and
human errors. This finding strongly agrees with the observation of
Yonge et. al. [38], who found that eight days were needed for
equilibration and added two days safety factor, resulting in the ten days

equilibration period.

The ten days equilibration period for phenol is applied for all o-
cresol in this study. The capacity for phenol is less than the capacity of
o-cresol, as will be seen later, because o-cresol has more molecular
weight and it is less soluble in water than phenol. Therefore, o-cresol is
more adsorbable than phenol. o-cresol and phenol belong to the same
organic group called aromatics, so it is expected that the diffusion

coefficients for both compounds are similar.

4.2 Adsorption of Adsorbates

An extensive study of the effect of oxygen on the adsorptive
capacity of GAC was performed using single-solute adsorption
isotherms for phenol (PH) and o-cresol (OC). Phenol and o-cresol

adsorption isotherm tests were performed at room temperature (23°C)
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and neutral pH. Experimental conditions for the isotherm tests
conducted are listed in Table 4.2, while the physical-chemical

charac.teristics of the sorbates are listed in Table 4.3.

For both phenol and o-cresol solutions the corresponding carbon
load for each liquid phase concentration was calculated according to the

following.equation

q= & O (1)
where
q = adsorbed phenol (mg/g)
= liquid volume (1)
M = mass of activated carbon (2)
Co = initial liquid phase concentration of phenol or o-cresol
(mg/h)
C = final liquid phase concentration of phenol or o-cresol (mg/l)

For purpose of simulation to describe the isotherms, two isotherm
models are given:

i) Freundlich adsorption model which takes the form

q=KCl/a (2)



Table 4.2: Experimental Isotherm Conditions at 23°C

Adsorbate Initial Particle Size Head- |Isotherm |Dissolved
Concentration (U.S. Mesh) Space Type Oxygen
(mg/l) (mg/l)
Phenol 1000 10x12 and 12x14| O | oxic
1000 10x12 and 12x14 air aerobic 6.7

1000 10x12 and 12x14 Na anoxic =

o-cresol 1000 10x12 and 12x14 0, oxic

1000 10x12 and 12x14 air aerobic 7.8

1000 10x12 and 12x14| N, | anoxic ~0




Table 4.3:

Physical-Chemical Characteristics of Sorbates

Sorbate Symbol Molecular Solubility
Weight (g) (%)

Phenol PH 94.11 8.45

o-cresol 0-C 108.14 2.5




9
(3]

where q and ¢ were described previously, and K and 1/n are the model

constants.

ii) Langmuir adsorption model which takes the form

-QbC

3
1+ b C 3

q

where Q is the maximum number of moles adsorbed per mass adsorbent,
and b is an empirical constant.
Equation 2 can be linearized by taking the logarithms of both

sides of the equation as follows:

logq = %log C+logK (4)

while equation 3 can be linearized in an implicit form as follows:

210

-Q—15+éc (5)

In order to findout which of the two isotherm models represents
the data more accurately, the two parameters K and 1/n for the
Freundlich equation, and the two parameters Q and b for the Langmuir
equation were obtained by nonlinear least-square regression analysis.
The commonly used SAS program, which is one of the best in the field
of statistical analysis, was used to carryout the regression analysis.

Langmuir and Freundlich model parameters, correlation coefficients,
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and sum of the square errors for the phenol and o-cresol data are

presented in the next section

4.2.1 Phenol Isotherm

The calibration curve used for the determination of the phenol

liquid phase concentration is depicted in figure 4.2.

Tables 4.4 to 4.6 summarize the results of the relationships
between the adsorbed phenol and the equilibrium liquid phase
concentration for nitrogen purged, non-purged, and oxygen purged,
respectively. It was a good indication that the blank concentration were
in a close agreement with that of the phenol stock solution, which means
lack of volatility and biodegradation of the adsorbate under the
conditions of the experiments. The results are also plotted in figures 4.3
to 4.5 in arithmetic and logarithmic scales to represent the Langmuir and
Freundlich equations after excluding the missing values and the odd

numbers.

Tables 4.7 and 4.8 list the summary of the SAS programs listings
for the regression analysis of Langmuir and Freundlich equations,
respectively. From these tables it can be said that phenol isotherms are
better described by Langmuir equation than the Freundlich equation in
terms of the correlation coefficient (R2). However, poor distribution of

the data is observed along the fitted Langmuir lines shown in figure 4.4,
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Table 4.4: Phenol Isotherm Results under Anoxic

Conditions

M C q
(mg) (mg/l) (mg/g)

0 921.5
150 - -
240 511 171.0
370 429 133.0
480 382 112.4
600 194 121.0
750 180 99.0
890 101 92.0
1000 58 86.3
1090 39 81.0
1350 - -




Table 4.5: Phenol Isotherm Results under Aerobic

Conditions

M c q
(mg) (mg/1) (mg/g)

0 921.5

150 709 142
240 453 195
370 290 171
480 85 174.3
600 284 106.3
750 64 114.3
890 15 102
1000 11.6 91
1090 8.6 84
1350 3.4 68




Table 4.6: Phenol Isotherm Results under Oxic
Conditions

M C q
(mg) (mg/l) (mg/g)

0 921.5

150 654.0 178.3
240 435.0 202.7
370 205.0 194.0
480 134.0 164.0
600 27.3 149.0
750 6.3 122.0
890 3.8 103.0
1000 - -
1090 1.1 84.5
1350 - -
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Table 4.7:

Adsorption Model Constants of Lan

31

gmuir Equation for

Phenol
Isotherm Type Q b (R2)* SSE**
oxygen purged 203.4 111 .996 .017
non-purging 195.6 .0524 .991 .0473
nitrogen purged 164.2 .013 .91 .804

* Correlation Coefficient

** SSE =Y (Observed value -

Predicted value)?2




Table 4.8:

Adsorption Model Constants of Freundlich Equation for

Phenol
Isotherm Type K 1/n R2 SSE
oxygen purged 87.47 .1425 .971 .0035
non purging 54.43 .2027 .978 .0035
nitrogen purged 32.56 .233 .813 .0148
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in the other hand, uniform distribution of the data along the fitted
Freundlich lines. This results in a lower sum of the squared errors
(SSE), where the error is defined as the difference between the observed
and the predicted value, by the Freunlich model which agrees with
Yonge et. al. [38]. They found that Freundlich equation provided the
best description of the phenol isotherm adsorption data as indicated by a
lower SSE. Yen et. al. [36] stated that another model called the
modified three-parameters Freundlich model is more effective in
describing single-solute adsorption than the two models presented,
however, the limitation to use this model is due to the difficulty in
solving complicated mathematics involved. It is stated at this point that
both Langmuir and Freundlich models are valid for describing the

phenol isotherm adsorption.

Figures 4.3 to 4.5 indicate the presence of molecular oxygen in
the test environment had a strong impact on the adsorptive capacity of
GAC for phenol. For the equilibrium concentration of 1000 mg/l, for
example, the adsorptive capacity of GAC exhibited under oxic
conditions 41% higher than anoxic adsorptive capacity, and 4.3% higher
than the aerobic adsorptive capacity. While the aerobic adsorptive
capacity is 35% higher than the anoxic adsorptive capacity. These
differences in GAC adsorptive capacity'are more noticed in the lower
concentration. For the equilibrium concentration of 1 mg/l, for example,
the oxic GAC adsorptive capacity is 167% higher than the anoxic

adsorptive capacity, and 60% higher than the aerobic adsorptive
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capacity, while the aerobic adsorptive capacity is 67% higher than the
anoxic adsorptive capacity. This is also dictated by the fact that the oxic
isotherms had a lower value of 1/n in the Freundlich equation. These
differences are also noticed from tables 4.7 and 4.8 where the values of
K and Q for the phenol isotherms consistently yielded higher capacity
for oxic isotherm than aerobic and anoxic conditions. Moreover, higher
capacity is observed for the aerobic conditions than for the anoxic
conditions. The amount of the molecular oxygen also affected the

adsorptive capacity of GAC.

Since identical carbon masses were used for the isotherms (i.e.
oxygen purged, non-purged, and nitrogen purged), the differences in
capacities is better illustrated by a comparison of the residual liquid
phase concentration. Figure 4.6 shows plots of the ratio of the residual
concentration to the initial concentration as a function of the carbon
mass for phenol. It is evident from the figure that the residual
concentration of phenol in the oxygen purged isotherm was consistently
lower than the concentration in the non-purged isotherm, and the
residual concentration of phenol in the non-purged isotherm was
consistently lower than the concentration in the nitrogen purged
isotherm. To emphasize on these findings, and to make sure that these
differences are not due to experimental errors, statistical analysis was
carried out by SAS program using anova procedure (the theory of this

procedure is found in Montgomery [18]). The null-hypothesis that
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attributes the differences in adsorptive capacities of GAC due to the

dominance of oxygen to random errors was tested.

The analysis of variance presented in Appendix 3 clearly show
that the null-hypothesis is strictly rejected at a value as low as 0.0009.

The possibility that biological degradation under oxic and aerobic
conditions was responsible for the higher observed GAC adsorptive
capacities was rejected, by showing that the sterilized phenol isotherm
curve obtained coincides well with the non-sterilized phenol isotherm
curve.This is depicted in figures 4.7 and 4.8. This rejection was also
achieved by Peel and Benedek [25] and Vidic et. al. [35]. Therefore, it
is concluded that chemical reaction between the molecular oxygen and
the phenol adsorbate catalyzed by the surface of the carbon is

responsible for the increase in the adsorptive capacity of GAC.

4.2.2 o-cresol Isotherm

The calibration curve used for the determination of the o-cresol

liquid phase concentration is depicted in figure 4.9.

Tables 4.9 to 4.11 show the results of the relationship between
the adsorbed o-cresol and the equilibrium liquid phase concentration for
nitrogen purged, non-purged, and oxygen purged, respectively. The
aforementioned results are plotted in figures 4.10-4.12. As in the case
with phenol, it was a good indication that the blank concentration were

in a close agreement
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Table 4.9: 0-Cresol Isotherm Results under Anoxic

Conditions
M C q
(mg) (mg/l) (mg/g)
0 906
100 686 220.0
150 626 186.7
200 509 198.5
250 408 199.2
300 359 ' 182.3
400 225 170.3
500 127 155.8
600 75 138.5
700 40 123.7
1000 11 89.5




Table 4.10: o-Cresol Isotherm Results under Aerobic .
Conditions

M C q
(mg) (mg/l) (mg/g)

0 906.0

100 579.0 327.0
150 461.0 296.7
200 339.0 283.5
250 237.0 267.6
300 155.0 250.3
400 - 34.0 218.0
500 2.50 180.7
600 1.94 150.7
700 1.60 129.2
1000 1.55 90.5

41



Table 4.11: o-Cresol Isotherm Results under Oxic
Conditions

M C q
(mg) (mg/l) (mg/g)

0 906.0

100 600.0 306.0
150 471.0 290.0
200 368.0 269.0
250 217.0 275.6
300 124.0 260.7
400 8.70 224.3
500 2.30 180.7
600 1.94 150.7
700 1.55 129.2
1000 1.55 90.5
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with that of the o-cresol stock solution, which means lack of volatility
and biodegradation of the adsorbate under the conditions of the
experiments. The results show that o-cresol is adsorbed more  than
phenol even when the carbon masses are decreased. This is predicted as
o-cresol is less soluble in water and has a higher molecular weight

(Table 4.3).

Tables 4.12 and 4.13 list the summary of the SAS programs
listings for the regression analysis of Langmuir and Freundlich
equations, respectively. Like phenol isotherms, o-cresol isotherms are
described by Langmuir model in terms of correlation coefficient (R2),

and described by Freundlich model in terms of SSE.

Figures 4.10 to 4.12 indicate that o-cresol isotherms curves under
oxic conditions are very close to those of the aerobic conditions. This
could indicate that oxygen purging dose not affect the adsorption
capacity of GAC for o-cresol under oxic and aerobic condition.
However, this statement must be observed with . the following two
points: 1) the accuracy of the spectorphotometer used was not sufficient
in the low concentration range of o-cresol as indicated in Tables 4.10
and 4.11 that give a plateau at an approximate concentration of 2 mg/l
when the carbon masses are over 400 mg; 2) over-estimation of the
carbon masses did not allow to differentiate between the adsorptive
capacity of GAC for o-cresol under oxic and aerobic conditions. This is

noticed more clearly in figure 4. 13 that shows the liquid phase



Table 4.12:

47

Adsorption Model Constants of Langmuir Equation for

0-Cresol

Isotherm Type Q b R2 SSE
oxygen purged 296.5 .1334 .996 .022
non purging 312.9 0717 .991 .04
nitrogen purged 213.4 .0259 .986 .17




Table 4.13: Adsorption Model Constants

of Freundlich Equation for
o-Cresol
Isotherm Type K 1/n R2 SSE
oxygen purged 147.1 .114 .89 .0159
non purging 121.3 .15 .861 .0412
nitrogen purged 58.1 .197 .972 .0035
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concentration over the initial phase concentration ratio plotted as a
function of carbon mass. The ratio approaches zero when the carbon

masses are over 400 mg under oxic and aerobic conditions.

However, figures 4.10 to 4.12 indicate higher adsorptive capacity
of GAC in oxic and aerobic conditions than anoxic conditions. For low
concentrations, for example at 1 mg/l of liquid phase concentration of o-
cresol, the adsorptive capacity of GAC under oxic conditions is 141.4%.
higher than anoxic conditions and 3.7% higher than aerobic conditions,
while the adsorptive capacity of GAC under aerobic conditions is 133%
higher than anoxic conditions. For high concentrations, for example at
1000 mg/l of liquid phase concentration of o-cresol, the adsorptive
capacity of GAC under oxic and aerobic conditions is 50% higher than

anoxic conditions.

To corroborate these findings, and to eliminate the experimental
error factor, statistical analysis was carried out using SAS program. The
null-hypothesis that attributes the differences in adsorptive capacities of
GAC due to the dominance of oxygen to random errors was tested. The
analysis of variance presented in Appendix 6 clearly show that the null-

hypothesis is strictly rejected at a value as low as 0.0001.

4.3 Practical implementation

As the experimental results indicate, a new method for

regeneration of carbon is introduced , that is, a simple mechanical
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aeration process. This method is cheaper than the non-regeneration
methods used that provide thermal treatment of the carbon to about
960°C or exchanging the exhausted carbon. This is true if the

exhaustion is reversible.

In practice, in the industrial treatment plants using GAC for
treatment, it is suggested to oxygenate the industrial wastewater before
adding the carbon masses. The oxygen must be purged before the carbon
masses are added as one trial bottle was prepared with the addition of
GAC before oxygen purging, and the results showed lower adsorptive

capacity of GAC.



CHAPTER 5§
CONCLUSION AND RECOMMENDATION

This study is an experimental evaluation of the effect of molecular
oxygen on the adsorptive capacity of granular activated charcoal (GAC)

at bench scale.

Batch single solute adsorption isotherms experiments were
conducted on phenol and o-cresol adsorbate because of their common
presence in effluents from many petroleum and petrochemical industries.
The procedure used is the standard static point procedure with
modifications that a new procedure for obtaining adsorption equilibrium
data is introduced in this study. This procedure, denoted as oxic, differs
from the currently used method, denoted as aerobic. It recommends the
inclusion or saturation of molecular oxygen in the adsorption process. A
third procedure is used denoted as anoxic, which includes exclusion or
elimination of the molecular oxygen in the adsorption process, and it
was described by Vidic et. al. [35]. The equilibration period used for
phenol and o-cresol isotherms was ten days at neutral pH and room

temperature (23°C).
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The phenol and o-cresol isotherms were better described by the
Freundlich model in terms of the sum of the squared errors (SSE). All
the calculations needed for determining the constants in this study were

done by the SAS program.

The GAC adsorptive capacity for phenol and o-cresol used in this
study increases in the presence of molecular oxygen. Not only the
presence of oxygen but also the amount of the molecular oxygen has an
effect on the adsorptive capacity of GAC. For phenol, at the equilibrium
concentration of 1000 mg/l, for example, the adsorptive capacity of
GAC exhibited under oxic conditions 41% higher than anoxic adsorptive
capacity, and 4.3% higher than the aerobic adsorptive capacity. While
the aerobic adsorptive capacity is 35% higher than the anoxic adsorptive
capacity. These differences in GAC adsorptive capacity are more noticed
in the lower concentration. For the equilibrium concentration of 1 mg/l,
for example, the oxic GAC adsorptive capacity is 167% higher than the
anoxic adsorptive capacity, and 60% higher than the aerobic adsorptive
capacity, while the aerobic adsorptive capacity is 67% higher than the
anoxic adsorptive capacity. Likewise for o-cresol at low concentrations,
for example at 1 mg/l of liquid phase concentration, the adsorptive
capacity of GAC under oxic conditions is 141.4% higher than anoxic
conditions and 3.7% higher than aerobic conditions, while the
adsorptive capacity of GAC under aerobic conditions is 133% higher
than anoxic conditions. For high concentrations, for example at 1000

mg/l of liquid phase concentration, the adsorptive capacity of GAC
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under oxic and aerobic conditions is 50% higher than anoxic conditions.
Statistical analysis of the discrepancies between the corresponding
residual concentrations and the adsorbed quantities of phenol and o-
cresol at identical carbon masses under different conditions revealed and
emphasized the reality of this finding. It was proven experimentally that
biological degradation was not responsible for the higher observed

adsorptive capacities under oxic and aerobic conditions.

This finding introduces a new and cheap process for the
regeneration of reversible exhausted carbon by increasing its capacity by
simple mechanical aeration. However, further research is needed to get
more insight on the effect of molecular ox)"gen on the adsorptive
capacity of carbon with other parameters such as, temperature, pH,
equilibration period, and for more compounds and/in other organic

groups.
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APPENDIX 1

SAS Listings for Phenol Isotherms Modelled by Langmuir Equation
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APPENDIX II

SAS Listings for Phenol Isotherms Modelled by Fruendlich Equation
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APPENDIX III

SAS Listings of ANOVA Table for Phenol
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APPENDIX IV

SAS Listings for o-Cresol Isotherms Modelled by Langmuir Equation
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APPENDIX V

SAS Listings for o-Cresol Isotherms Modelled by Fruendlich Equation
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APPENDIX VI

SAS Listings of ANOVA Table for 0-Cresol
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