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Abstract

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

A mathematical model which incorporates the observed reactions with adsorption is formulated.
In that model the reaction is assumed to be first order with respect to the capacity and not limited by
dissolved oxygen existence.
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DISSERTATION ABSTRACT
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Isotherm studies on phenolics show a 20-115% increase in uplake due to
the presence of oxygen in the test environment, with the additional
uptake increasing with decreasing equilibrium concentrations. The same
phenomenon is found when oxidizing agents such as hydrogen peroxide
and potassium permanganate are used. Equilibrium data show no such
effect on aliphatics. Uptake of domestic and industrial wastewater improve
similarly.

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

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

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

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

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

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

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

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

DOCTOR OF PHILOSOPHY DEGRFEE
KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arahia
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CHAPTER 1

INTRODUCTION

1.1 Introduction

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

in biological reactors because of its superior microbial attachment propertics.

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

activated carbon undcer operational conditions.

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

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



another.

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

activated carbon.

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

ohjectives of this study arc to:

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

number of substitutions, and functional groups type.

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

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

tent.

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

data obtaincd in batch cxperiments.

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

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

1.2 Literature Review

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

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

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

by increasing the concentration of the appropriate surface functional groups.

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

the formation of acidic surfacc oxides.

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

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

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



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

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

tions were calculated and listed.

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

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

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

capacity simulated by the Langmuir isotherm was at pli 5.0

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

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

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

-~

with increasing temperature in the range of 4 to 457

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

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

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

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

cations and arc unrcalistic in wastc trecatment systems.

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

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

solutes in solution.

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

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



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

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

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

(31,32).

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

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

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

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

minimization procedure is usually done by intuitively varying the kinctic cocflicient in



9

the mathematical model until the experimental data and model results agree satisfacto-

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

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

found simultancously.

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

devcloped a procedure for determining surface diffusion cocfTicients by cxperimentally

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

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

i
2.

G

conduct isotherm tests and determine Freundlich isotherm parameters,

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

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

after that, calculate model predicted dimensionless times using developed empirical

cquations.

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

test should be repeated at a higher mixing intensity.

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

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

rate studics, or both.

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

-

ues which hracket the 95% confidence interval.

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

factor.

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

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

uscd when the wastewater contains suspended solids (42).

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

phase during an isothcrm cxperiment (45).

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

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

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

determined uniquely.

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

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

approaches some asymptatic value that is below the influent concentration.

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

adsorbate concentration.

1.3 Theoretical Background
1.3.1 Adsorption Isotherms

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

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

QbC
1 + bC (1.1)

where;

q = adsorbed solute, mg/g
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@]
|

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

-

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

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

tion with units of inverse concentration.

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

determine modcl parameters :

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

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

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

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

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

q = kC'" (1.4)

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

for its underlyving assumptions.

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

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

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

solute.

1.3.2 Kinetics of Adsorption.

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

1. The adsorption process is isothermal and reversible.

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

3. Instantancous cquilibrium occurs at active adsorption sitcs.

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

surface.

1.3.2.1 Pore Diffusion Model (PDM)

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

the mechanisim assumed by the PDM is shown in Figure 1.1.



Vo~

<— Stzgnani Liquid Layer

4

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

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

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

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

given by:

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

ar



19

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

dp = diameter of the spherical GAC particle, 1,

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

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

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

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

using an isotherm rclationship.

1.3.2.2 Homogeneous Surface Diffusion Model (HSDM)

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

“hen migrates along the inner carbon surface to available active sites.



$— S2gnam Liquid Layer

1

Figure 1.2; Schematic Representation of the HSDM Model

20
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The Kinctic paramcters incorporated in this model arc the stagnant iquid film mass

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

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

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

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

is given byt

D
4 _ 25 d(pld (1.10)

at i ar ar

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

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

@1t=0,0¢r<1,: q =0 (111

@t20r=0M -9 (1.12)
ar

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

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

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

@r= —;3: C, = Mq) (1.14)

1.3.2.3 Packed Bed Kinetics

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

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

-D (=)
éx

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

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

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

6. Plug Mlow cxists within the bed.

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

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

QG
© Mg, + VG,
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where;

Q = influent Mowrate, LYT

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

t = clapsed time, T

M = total mass of adsorbent in the bed, M

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

adsorbate/ M adsorbhent

£ =ratio of void volume to total bed volume

V = total bed volume, | e

The dimensionless solute distribution parameter D, is defined as

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

D

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

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

B = ratc of liquid phasc mass transfer

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

tDD0,

where;

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

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

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

k(1 — )
o0,

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

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

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

controls adsorption rate:

- DD _ st
2 B

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

the surface difTusion flux I, is

- aq
." = - D‘pp —(')T

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

A _P.a20q
a o\ ar

(1.10)

where;

.,
i

distance from the center of the spherical particie, L.

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

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

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

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

T “ o DO s o

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

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

C _ _yoe 3 -cp)

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

The initial condition of Equation 1.16 is

@t<t,l,€7<h,: C=0

and the boundary condition is

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

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

q = KC®

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

nary differential equations which may be integrated.

1.4 Research Quiline
Stage |

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

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

facilitates a comparison between the compounds.

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

L. types of compounds (aromatics versus aliphatics).

~J

. functional groups (phenolics versus alkancs).

‘wd

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

Ia

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

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

the adsorption enhancement.

Stage 11

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

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

28

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

Tribromomcthanc
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Table 1.2: Compounds Common Names and Structural Formulae

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

1,1,2,2-Tetrachloroethane

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

Petrochemical Wastewater
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Stage 111

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

ing arc the variables studied ;

1. pll

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

carcful addition of a strong acid or base.

2. Temperature

Temperature dependance of the adsorption enhancement phenomenon is investi-

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

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

3. Effect of Different Levels of Dissolved Oxygen

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

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

Stage IV

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

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

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

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

APPARATAS AND EXPERIMENTAL PROCEDURE

2.1 General
2.1.1 Chemicals and Materials

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

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

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

physical propertics of the carbon used.

2.1.2 Apparatus
2.1.2.1 Shakers

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

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

32



Table. 2.1 Physical Properties of Filtrasorb-400 Activitted Carbon

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

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

Effective Size (d,g). cm

Uniformity Cocflicient (dg,‘d,,)

Particle Size Uscd in Experiments (d ), cm

33

§24

0.74

0.94

0.055-0.065

1.6-2.1

0.156
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2.1.2.2 Mixers

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

matic Jiagram of the Kinctics experimental sctup.

2.1.2.3 Columns

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

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

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

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

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

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

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

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

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

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

rcadings
2.1.2.6 Total Organic Carhon Analyzer

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

curves were to he prepared before dircct measurements.

2.2 Loading Experiments
2.2.1 Screening stage

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

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

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



2.2.1.1 Aromatics

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

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

2.2.1.2 Aliphatics

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

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

thane, trichloromcthanc, and tribromomcthanc, respectively.

2.2.1.3 Wastewater

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

clude biological activity.
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2.2.2 Effect of pH{ and Temperature

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

craturc.

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

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

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

wavclength of 288 nm.

2.2.3 Effect of Different Levels of Dissolved Oxygen

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

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

above.

2.3 Extraction Experiments

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

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

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

solutions were also treated and analyzed similarly.

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

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

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

mass transfer by maximizing the fluid relative velocity.

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

dure similar to that used in the loading experiments.

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

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

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

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

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



percent of the total initial volume in the mixer.

2.5 Column Experiments

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

from thc cMuents for concentration measurcments.



Chapter 3

EFFECT OF DISSOLVED OXYGEN ON ACTIVATED

CARBON ADSORPTION OF DIFFERENT CHEMICALS

3.1 Introduction

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

cle size, initial concentration, pil, and tempcrature.

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

phenolics by GAC (10.11,13).

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

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

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

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

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

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

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

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

3.2.1 Adsorption of Aromatics

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

carbon content during the equilibration period.

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

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

indicated the presence of impuritics.

3.2.2 Extraction Studies

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

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

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

the limitation of their amounts in the test hottles.

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

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

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

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

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

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

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

7ene).

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

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

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

mi-sorption of acidic and basic compounds.

3.2.4 Reaction Mechanisms

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

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

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

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

clearly shows that DO is not limiting the telomerization reactions,

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

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

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

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

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

the phenolic compound.

3.2.5 Aliphatics

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

group, type of substitution, and number of substitutions.

3.2.6 Wastewater

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

of GAC for organics compounds when oxygen is available in the test environment.
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Biodcgradation was discounted as a possible cause for this increase in uptake through
monitoring of inorganic carbon. Once again the impact of oxvgen on the retention
uptake of GAC was more pronounced at low concentrations. Thus in a practical oper-
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