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Irreversible Adsorption of Phenolic Compounds

by Activated carbons

Terry Michael Grant

Abstract

Studies were undertaken to determine the reasons why
phenolic sorbates can be difficult.to remove and recover
’from activated carbons. The chemical properties of the
sorbate and the adsorbent surface, and the influénces of -
changes in the adsorption and desofption conditions were

investigated.

Comparison of isotherms established after different
contact times or at different temperatures indicated that
phenolic compounds react on carbon surfaces. The reaction

rate is a strong function of temperature.

Regeneration of carbons by leaching with acetone
recovered: at. least. as: much: phenol: as: did regeneration with.
other solventsr or with: displacers,. and: hence: was used. to-

define irreversible adsorption operationally..

we



The physiochemical properties of adsorbents influenced
irreversible uptakes. Carbons oxidized with nitric acid or
hydrogen peroxide were more régenerable than the parent
carbons. The abundance rather the nature of surface
functional groups seemed to have the greatest impact on
uptakes. Carboxylic acid and ester groups on polymeric
resins did not promote irreversibility, but phenolic groups
did. Mineral ash promoted irreversibility, but
irreversible adsorption also occurred on sorbates
containing little or no ash. Eiectron paramagnetic -
resonance measurements indicated that unpaired electrons
were probably not responsible for irreversible adsorption

on carbonaceous adsorbents.

Sorbates differed markedly in their tendencies to
undergo-irréversible adsorption. Monohydroxybenzes were
more-;eactive~than‘non-phenoliC'compounds, but less
reactive than dihydroxybenzenes. There is a
semiquantitative correlation between reactivities and

critical oxidation potentials for the sorbates studied.

Oxidative coupling of sorbate molecules is probably
responsible for irreversible adsorption. Polymers that are
expected products. of coupling:reactions were identified in
a regenerant mixture. Further, conditions that promote
dxidation of phenolic compounds also promote

irreversibilities. High temperature, alkaline conditions,



and readily available oxygen are examples.
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Chapter 1 Background

Separation of phenolic compounds from water receives
widespread attention in the United States.. A key reason
for this attention is that the Environmental Protection
Agency designates phenol and several substituted phenols as
priority pollutants. Table 1.1 shows the phenolic
compounds with that designation. These compounds must be

reduced to extremely low levels in public water supplies.

A second reason for the attention is that many
industrial processes contaminate water with phenolic
compounds. Phénols are relatively stable oxidation and
pyrolysis products and are formed in processing of
hydrocarbon feedstocks. In particular, coal-gasification,
coal coking and petroleum refining operations emit phenols.
Processes that require phenolic compounds as raw materials
tend to transfer some of those compounds into effluent
waters. The production of phenolic resins is an example.
Processes used to synthesize phenolics, such as the
manufacture of agricultural chemicals, and those processes

used to recover phenolics are also culprits.

Activated carbon is often used to treat effluents from
these processes because this adsorbent has a very high

capacity for phenolic compounds and can remove them almost



Table 1.1 EPA Priority Pollutants®

Phenol .
2,4-Dimethylphenol
Chlorinated Phenols
Chlorinated Cresols
Nitrophenols
Nitrocresols

*Clean Water Act Section 307 in Environmental Statutes,
Rockville, MD : Government Institute Inc., 1985.



completely from aqueous solutions. Several decades of
research and industrial ékperience have proven the
ﬁechnology. Process economics usually demand that the
carbon be reused, however, and so the carbon must be
regenerated. The goals pf a regeneration process are to
restore as much adsorption capacity as possible at the
lowest possible cost. Investigators attempting to remove
phenolic compounds from carbon have had widely varying
degrees of success. Recoveries from 0 to 100 percent are
reported in the literature. 1In ihdustrial processes,
regeneration by oxidation typically lowers the capacity of
a carbon by 5-15%. These facts have led to considerable
speculation about the nature of surface interactions with
the sorbate. The studies cited in the remainder of this
section illustrate the state of uncertainty about those

interactions.

Suzuki et al. (1978) used thermal gravimetric analysis
(TGA) to compare removals of several organic sorbates from
an activated carbon. The organic compounds that were
liquids at ambient temperature were adsorbed from the pure
liquids onto carbon. After unspecified contaét times the
carbon particles were separated from the liquids and dried
at room temperature. The solid compounds were dissolved in
distilled water, and the resulting solutions were contacted
with carbon. After the adsorptions, the carbon samples

were separated from the solutions and dried overnight at



110°C. A sample of each loaded carbon was placed in an
inert atmosphere and the wéight change was monitored as the
temperature was raised from 100°9C to 800°C at 6°C per |
minute. Plots of loading divided by initial loading vs.
temperature (TGA curves).were characteristic of the

individual compounds.

These investigators classified the organic compounds .
into three groups according to the shapes of thé TGA
curves. Table 1.2 shows the groups. Group I organics are
relatively volatile and left the carbon at relatively low
temperatures. Regeneration was essentially complete, and
an equilibrium model was used to describe the desorption.
As shown in Table 1.2, several alkanes and alcchols, as
well as benzene and some substituted benzenes, belong to

Group I.

In contrast, Group II compounds were not.completEIy
desorbed. These compounds have relatively high boiling
points and a fraction of each decomposed before desorption.
Small amounts of residual organics remained on the carbon
at 800°C. The authors modelled the TGA curves with a
thermal cracking model and reasoned that the residue was
either a carbon deposit or a polymerization product of
by-products from the cracking reactions. In any case, at
least part of the adsorption was not reversible under the

conditions employed.



Table 1.2 Classification of Organic Adsorbates by Suzuki et al. (1978)

Adsorbate Molecular Weight Boiling Point ©C  Organic Type
n-Pentane 72 36 ' I
n-Hexane 86 69 I
n-Heptane 100 98.4 I
n-Decane 142. 174 I
n-Pentadecane 212 . 270 Iorll
Cyclohexane 84 _ 83 I
Benzene 78 80 I
Toluene 92 110.6 I
p-Xylene 106 114 I
Butanol 74 118 ' I
Hexanol : 102 157.5 I
Octanol 130 194.5 I
Coumarin 146 290 I
Benzophenone 182 305.9 II
Vanillin | 120 285 It
Phenol 94 182 111
B8-Napthol _ _ : 144 285 I1I
Phloroglucinol , 126 1981
p-Hydroxydiphenyl 170 308 11
Sodium 326 I1
dodecylbenzensulfonate

Tetraethyieneglycol 194 I1
Polyethyleneglycol 400 ~400 11
Polyethyleneglycol 1000 ~1000 I1
Polyethyleneglycol 4000 ~4000 II
Benzaldehyde 106 179.1 I
p-Oxybenzaldehyde 122 310 IT1
Lignin , I
Humic acid [1I
Methylene blue 320 III
Benzoic acid 122 250 I11
Caproic acid 116 205.4 II

Butyric acid ' 88 164.1 I




Group IIi compounds include phenol and several phenolic
compounds, as well as benzoic acid. Carbon samples loaded
with these compounds exhibited gradual decreases in weight
as the system temperature increased, and the samples
retaiééd large amounts of residual organics at 800°C. For
phenol (and for polyethylene glycol, type II) the weight of
residual was proportional to the initial loading of
sorbate. It was also determined that regeneration of

phenol was less facile from a carbon containing a

relatively large amount of ash.

The investigators decided that "aromatic content" and
boiling point are the two main characteristics that
influence the thermal desorption behavior of a compound. A

plot of o vs. boiling point, where

number of aromatic carbons in a molecule
=
total number of carbons in a molecule

¢

was divided into three regimes, one regime corresponding to
each group. The investigators reasoned that compounds
falling into the group III regime would be refractory to

thermal regeneration on a process scale.

Seewald et al. (1983) combined TGA with mass
spectrometry to study the desorption of phenol and

cyclohexane from activated carbon. Adsorption was



isothermal at temperatures ranging from 25°C to 112°C from
various media including helium, air, and aqueous solutions.
Desorption into helium was achieved by raising the
temperature from 25°C to 800°C at a constant but
unspecified rate. Desorbed compounds‘were identified by

passing the helium through a mass spectrometer.

The investigators found several ‘peéks' in their
desorption curves. They used the TGA curves to distinguish
between a fraction of the sorbate that they believed was
physisorbed and a fraction that they believed was
"influenced by surface reactions". The "reactéd" or
chemisorbed material was classified further into desorbable
and non-desorbable portions. The authors argued that the
physically adsorbed solute was present in relatively large
pores while the chemisorbed solute was located in smaller
pores. They found only slight changes in pore size
distribution due to non-desorbable residue, however.
Although they did not determine the nature of the residue,
they did refer to studies that indicate that the residue is

more reactive with steam than was the original carbon.

The adsorption conditions affected the amount of
"reacted" sorbate. Adsorption of phenol ér cyclohexanone
from air resulted in mure chemisorption than did adsorption
from helium. In addition, while all of the phenol adsorbed
from aqueous solution at 25°C was judged to be physisorbed,

higher adsorption temperatures promoted chemisorption.



Two desorbable reaction products (ﬁhought to be formed
during the adsorption contact) were identified by mass
spectrometry. The invéstigators reported that the
quantities of hydroxy-diphenyl ether and dibenzofuran
formed depended on the adsorption temperature, the
adsorptign atmosphere, and the carbon pore structure. They
argued tﬂét dehydrogenation of cyclohexanone yields phenol,
and reaction of phenol molecules yields the ether.
Dibenzofuran may be formed through dehydration of

hydroxy-diphenylether.

Robertaccio_(1976) reported complete recovery of phenol
from a powdered activated carbon. Adsorption and
desorption contacts were with aqueous solutions buffered at
pPH 2 and held at 24©C. Contact times ranged from ten
minutes to two hours. Coincident adsorption and desorption
isotherms were established over the range 35-200 mg of

total organic carbon per liter.

In contrast, Yonge et al. (1985) found ‘hysteresis’ in
adsorption/desorption isotherms. Phenolic compounds were
adsorbed onto carbon from aqueous solutions buffered at pH
7, and then desorbed into buffer solutions that were
initially solute free. Batch desorption contacts were made
for each loaded carbon until no solute could be detected in
the regenerant solution. Adsorption and desorption

contacts were for 10 days at ambient temperature.



Table 1.3 shows that large fractions of the phenolic
sorbates remained on the carbon after regeneration. The
investigators argued that strong bonds formed between the
sorbates and surface functional groups and made the
adsorption irreversible. Théy surmised that
charge-transfer complexes could form with high enough
bonding energies to resist regeneration. They also
suggested that alkane and methoxy substituents on the
phenolic sorbates intensified the binding energies and that
the effect was greater for ortho substituﬁion than for para

substitution. .

Yonge et al. also found that the procedure used to
develop an adsorption isotherm affected the loadings.
Higher loadings were achieved when the same sample of
carbon_was used repeatedly to establish the isotherm
points, than when separate saméles were used. 1In the
former method, the carbon was contacted for ten days each
with solutions of increasing initial solute concentration.
In the latter method, each sample was equilibrated with
only one solution for ten days. The two types of isotherms
shared the point corresponding to the lowest concentration
tested, and the investigators argued that the isotherms
should converge when the surface was "saturated“ with

sorbate.

The researchers attempted to explain the divergence of

the isotherms at intermediate concentrations by the



Table 1.3
Desorption Irreversibility in the Study of Yonge et al. (1985)

Sorbate Irreversible Adsorption, %
Phenol 85
4-Isopropyiphenol 87
2-Ethylphenol 91
o-Cresol .. - . %94

o-Methoxyphenol ' 97
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development of radial concentration profiles in the
particles. They argued that high concentrations of sorbaté
developed on pore surfaces near the outside of the
particles during the initial stéges of the adsorption
contact, promoting high levels of irreversible adsorption.

- Inner surfaces would develop much lower loadings because
they contacted only solutions that were depleted of solute.
This argument requires that the reéction responsible for
irreversible adsorption be rapid under the conditions
studied.

Finally, these investigators argued that radial
profiles could be eliminated and true equilibrium isotherms
established by continﬁally contacting the carbon with a
solution of fixgd sdrbate concentration. Continuous flow
through a packed bed was used to approach this condition.
vContact'continued until the influent and effluent
concentrations were equal. The investigators expected to
achieve higher loadings with this method (due to higher
concentrations in the inner pores) but measured lower

loadings than for the other two methods.

Zogorski and Faust (1978) developed isotherms for the
adsorption and desorption of 2,4-dichlorophenol at 25°cC.
In contrast to the findings of Yonge, they found that the
desorption branch of the isotherm fell slightly below the
adsorption branch. For adsorption, aqueous solutions

buffered at pH 6.3 were contacted with carbon for 12 to 14
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days. Several batch contacts of the loaded carbon with
distilled water were used to establish the desorption
"isotherm. The investigators argued.that the differeﬁces in
the isotherms were due to small experiméntal errors and
that the adsorption of phenols is, in general, a completely

reversible process.

Zogorski énd Faust also developed isotherms for the
adsorption of phenol onto_carbon at 8, 20, and 29°C. The
amount of phenol adsorbed from aqueous buffer solutions at
pPH 6.3 decreased with increasing temperature, as expected

for an exothermic (physisorption) process.

Fuerstenau (19845 found a different trend for
adsorption of o-cresol onto coal. He found that both the
rate and the amount of adsorption increased with increasing
temperature. The temperature was varied from 10°C to 50°c¢,

and contact times up to nine days were used.

Goto et al. (1986) loaded phenol onto a bed of
activated carbon and onto a bed of strong-base anion
exchange resin and regenerated the adsorbents with 1N NaOH.
The beds were maintained at 309C, and adsorption and
desorption contacts were for less than 8 hours each. While
100% recovery from the resin was reported, only 70% of the
phenol was recovered from the activated carbon. Repetition
of the adsorption and regeneration procesées for several
cycles resulted in a gradual decrease in capacity of the

carbon, but an unchanging capacity of the resin.
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Finally, Thakkar and Manes (1985) found that the
phenolic compounds they tested could be quantitatively
recovered, and "do not appear to react with activated
carbon". They sorbed various compounds onto carbon from
methylene chloride with contact times greater than 48
hours. The loaded carbon was contacted with a mixture
containing a phenolic ‘displacer’ in methanol for up to 7
days. The amount of the displacer wasvfar in excess of the
amount of original sorbate so that the law of mass action
favored desorption of the original sorbaﬁe. The authors
concluded that the apparent irreversibility of adsorption
observed in some earlier investigations was due to
inadequate regeneration methods. 1In particular,‘they
argued that organic solvents could not interact as
energetically with surface functional groups as could

phenolic displacers.

These studies illustrate the current state of confusion
about the interactions of phenolic compounds with activated
carbons. The key issues include the chemical nature and
the degree of reversibility of those interactions. The
properties of activated carbons, of sorbates, and of the
adsorption énd desorption media all seem to affect
regenerability. The present work was directed at resolving

these matters.
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Chapter 2 Evidence for a Chemical Reaction

As speculated in Chapter 1, a potential cause éf
irreversible adsorption is reaction of the sorbate with or
on a carbon surface. An early step in this work was to
determine if sﬁéh a reaction occurs during adsorption. At
the outset, we were faced with the probability that this
type of reaction would be difficult to characterize, since
presumably the products would be tightly bound to the
surface. Even if reaction products could be recovered,
they might have been formed during, or be altered by, the
desorption process. These concerns lead us to focus
initially on the adsorption process. By comparing rates
and amounts of adsorption it was established that chemical
reaction accompanied the adsorption of phenol onto

activated carbon.

2.1 Sources, Pretreatment, and Surface Areas of Adsorbents

Several granular activated carbons and several
polymeric materials were used in this research. Table 2.1l1a
lists the commercial source of each carbon and indirates
the raw materials from which the carbons were derived.
Table 2.1b shows the commercial source and the compositions

of the polymeric adsorbents.
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Table 2.1a Vendor-Supplied Activated Carbons Used in This Study

N2-BET
Adsorbent Raw Surface Area
Designation Vendor Material (m2/gdc)
Witcarb 950 Witco Chemical Corp. Petroleum 1050
Super-sorb, GX031 Amoco Research Corp. Petroleum 2350
Norit Row 0.8s American Norit Co. Peat 650
Filtrasorb-100 Calgon Carbon Corp. ~ Coal 800
Columbia Witco Chemical Corp. Petroleum 900

Table 2.1b Polymeric and Pyrolyzed-Polymer Adsorbents Used in This Study

Adsorbent ' N,-BET Surface Area
Designation® ' Type of Adsorbent (m2/gda)
XAD-4 Styrene-Divinylbenzene Copolymer 725
XAD-7 Acrylic ester-Divinylbenzene Copolymer 450
XE-340 Pyrolyzed Sulfonated 400
Styrene-Divinylbenzene Copolymer
XE-348 Pyrolyzed Sulfonated 500°*°
Styrene-Divinylbenzene Copolymer
IRC-50 "~ Weakly Acidic Cation Exchanger ND***
Methacrylic Acid-Divinylbenzene
Copolymer
S-761 Crosslinked Phenol-Formaidehyde Resin _ ND****

*These adsorbents are manufactured by Rohm and Haas Company.
**Manufacturers stated value.

LE 2]

Not Determined: Approximate value 20-40 m2/gda; personal communication
G.R. Ackermann, Rohm and Haas Company.

Not Determined: Approximate value 300 m2/gda; Technical bulletin Rohm

and Haas Ion Exchange Resins and Fluid Process Chemicals for Special
Applications, Rohm and Haas Company, 1986.
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fhe first three carbons in Table 2.la were rinsed
several times in Milli-Q water and dried at 98°C under 24
in. Hg vacuum for at least 48 hours. Each of the remaining
adsorbents was extracted with methanol in a Soxhlet
'iapparatus for three hours, rinsed with acetone, rinsed with
Waterl} and then extracted with water in a Soxhlet
apparatus for three more hours. A final rinse with water
was used to remove any fines. The sorbents were then dried
at 98°C (carbons) or aodc (polymeric adsorbents) under 24
in. Hg vacuum for at least 48 hours. The materials were
removed from the drying oven, allowed to cool in a dry
nitrogen atmosphere, and sealed into glass bottles in that

atmosphere.

The extraction procedure served to ensure that future
contact between an adsorbent and water, methanol or acetone
would have minimal effect on the surface properties of the
adsorbent. Handling in a nitrogen atmosphere prevented
contact of adsorbents with oxygen or moisture afterkthese
substances were removed from the drying oven. Properties
of the sorbents pre-treated by these methods are discussed

in Chapter 4.

1 Inorganic ions and organic contaminants were removed from
water used in this work by double-distillation followed by
adsorption onto Millipore Milli-Q filters. The water
passed through a prefilter, an activated carbon bed, two
beds containing a mixture of strong acid and strong base
ion-exchange resins, and two cellulose acetate membranes
(to remove microscopic particles and microorganisms.
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Dry resins that would not wet with water at 25°C were
pre-wet with methanol at room temperature and then rinsed
with water until no methanol could be detected by gas
chromatography of a raffinate sample. These resins were
then centrifuged to remove interstitial water’. Resin
samples were placed in 15-ml, medium-frit glass filters
that were in turn, placedbin polymeric centrifuge tubes and
covered with Parafilm to prevent evaporative losses.
Centrifugation was accomplished with a Damén/IEC model CL
centrifuge operated at 2500 rpm>for 10 minutes. A fraction
of the centrifuged particles was weighed, dried in a vacuum
oven for 48 hours, and then re-weighed to determine the

relative weights of dry resin and water in pre-wet samples.

Tables 2.1a and b also list surface areas for the
various adsorbents. Surface areas were deﬁermined
according to the Nitrogen-BET method. The method is widely
used and is discussed in many texts (e.g. Mikhail and
Robens, 1983). Nitrogen adsorption data were measured with
a Model 201 BET Analyzer (Porous Materials, Inc.). Samples
were outgassed at 200°C for approximate}y 90 minutes and
under vacuum. The sample chamber was then contacted with
liquid nitrogen, and a pressure close to 20 microns Hg was
attained before.adsorpticn measurements were made. Data
taken for relative pressures (P/PSat, where PSat jis the
éaturation‘pressure of nitrogen at 77.2 K) between 0.02 and

0.2 were used to calculate surface areas from the
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linearized form of the BET equation. Significant
deviations from linearity were observed at higher relative

pressures.

2.2 Determination of Adsorption Amounts and Isotherms

Each point on an adsorption isotherm was established by
contacting a known mass of adsorbent with a known mass of a
solution containing a solute/sorbate. Most often the
solution was aqueous. The contact vessel was sealed and
maintained at a constant temperature with an oil, water, or
air bath. Agitation was provided with either a magnetic
stir bar or a mechanical shaker. Thelconcentration of
solute in the liquid at the end of a contacting period was
measured by gas chromatography (GC) or by high performance
liquid chromatography (HPLC). A detailed explanation of

these techniques appears in Appendix I.

Equation 2.1 is a mass balance comparing initial and
final conditions for a batch adsorption contact where the

liquid is a binary mixture (Jaycock and Parfitt, 1981).

CI L1V S (2.1)
m I -v2 2% 1 *

The group of terms on the left hand side is known as the
*composite uptake" of the adsorbing species. The variable

n® is the total number of moles of liquid components
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introduced to the contacting vessel, x7° is the initial
mole fraction of solute in the liquid, x; is the final mole
fraction, and m is the mass of the adsorbent in grams. The
composite uptake is an apparent loading based on depletion
of the solute from the liquid phase. The term njS on the
right hand side is the sum of the'loading of sorbate on the
adsorbent surface and the amount of solute held in liquid
in the pores, and is termed the "individual uptake" of the
solute. The variable n;S is the individual uptake of the
solvent. The composite uptake is a useful quantity because
it is should be a thermodynamic property. The individual
uptake gives the total solute uptake by the sorbent, but
requires a definition of a division between the surface
phase and the bulk liquid. That division is obtained by

centrifugation in this work.

The difference between individual and composite uptakes
is small when the selectivity of sorption is high, when the
amount of solvent taken up by'the sorbent is relatively
small, éhd/or when the solute is extremely dilute in the
solvent throughout an adsorption contact. For dilute
solutions, the final mole fraction of the solvent (x3) is
almost unity, the final mole fraction of the solute is

almost zero, and equation 2.1 becomes:

n°(x§-x)

ni (2.2)
m
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Equation 2.2 applies to almost all of the experiments
reported in this work, and so a measured composite uptake

can be interpreted as the surface loading.

Composite adsorption "isotherms" were established by
contacting a sorbent, a solute, and a solvent in different
proportions in a number of contact vessels exposed to the
same external environment (same temperature and mode of
agitation). A plot of composite adsorption vs. final
solute concentrations or activities is an isotherm but may
not be an equilibrium isotherm. It will be demonstrated
that irreversibilities can hinder the attainment of

thermodynamic equilibrium.

2.3 Comparison of Liquid-Vapor and Solid-Liquid Surface

Excesses

When the composite adsorption is divided by the
specific surface area of the solid it is termed the
"éurface excess" of the sorbate. Figure 2.1 shows surface
excesses of phenol at three types of interfaces involving
aqueous solutions. The ordinate is the activity of phenol,
which is the product of the solute mole fraction and an
activity coefficient (discussed below)2. Filtrasorb-100
(F-100) is an activated carbon derived from coal, and XAD-4
is a polystyrene~-divinylbenzene copolymer. Various amounts

of these adsorbents were contacted with 15 ml aliquots of

2 All activity values in this dissertation have units mole
of solute per mole of solution.
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Figure 2.1 Surface Excesses of Phenol at Interfaces with Aqueous Solutions
at 25°C.



24

phenol-water mixtures in 20 ml scintillation vials for 10
days at 25°C. The vials.containing F-100 (100x140 mesh)
were stirred vigorously, while the vials containing XaAD-4
(20x40 mesh) were agitated by mechanical shaking. As will
be seen. mass transfer limitations did not limit the
uptakes onto XAD-4. The curves associated with the data
points are not predicted, but are meant to show the general

shapes of the isotherms.

The curve for surface excesses at liquid-vapor (LV)
interfaces is predicted. The composite adsorption can be
related to the rate of change of liquid-vapor surface
tension with changing chemical potential of the solute

through a form of the Gibbs Equation (Adamson, 1982):

-do® =ridu,+ridu, (2.3)

Here ¢ is the liquid-vapor surface tension, and u, is the
chemical potential of component i in a binary mixture. The
variable r; is the excess number of moles of species i at
the interface per unit area. The Gibbs-Duhem Equation for
three dimensional phases with two components at constant

temperature and pressure is (Smith and Van Ness, 1975):
X dp,*+x,dp,=0 (2.4)

Combining the previous two equations gives;
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v s _ s,
-do" =ridu, -} =du,

or

daLV
du,

=rix,-Tix, (2.5)

Dividing equation 2.1 through by the specific surface area

s and combining with equation 2.5 yields:

(2.6)

For a liquid—Vapor interface, the left-hand-side
denominator is considered a single variable; ms =

interfacial area.

Data for surface tension vs. solution composition for
phenol in water at 20°C are available in the International
Critical Tables (Washburn, 1928) and were used to evaluate
the right hand side of equation 2.6. The activity
, coefficient for phenol (/) was assumed to be constant and
equal to the value at infinite dilution for the very dilute
solutions represented in Figure 2.1 (see Appendix 2).

Under these conditions;

po=pi+RTIn(f x,)
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du,=RTdIn(f,x,)

du,=RT[dIn(f)+dIn(x,)]

du,=RTd1n(x,)=£1dx, (2.7)
!

Equation 2.7 with the substitution T = 298 K was used to
evaluate the derivative in equation 2.6. Changes in
surface tension with solute mole fraction should be similar

at 20°9C and at 25°C (see Worley, 1914).

Equation 2.6 shows that decreasing surface tension with
increasing chemical potential of phenol is a driving force
to concentrate phenol at a liquid-vapor interface. The
same driving fdfce concentrates phehol at solid-liquid
interfaces, but, in addition, specific interactions of the
liquid components with the solid may affect the surface
excesses. The fact that the composite isotherm for XAD-4
lies above the line for a liquid-vapor interface indicates
that phenol has more\affinity for the solid than does
water. In contrast, Rixey (1987) found a close
correspondence between surface excesses of butyric acid and
acetic acid on XAD-4 and surface excesses at liquid-vapor

interfaces.
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Phenol has relatively more affinity for XAD-4 than does
water, but the difference in affinities is hot nearly as
great for XAD-4 as it is for F-loo.‘ Phenol interacts very
strongly with the activated carbon, and the surface
excesses are almost an order of magnitude greater on F-100
than at a liquid-vapor interface throughout the aétivity
range compared. This comparison shows that specific
interactions of phenol with activated carbon dominate the
adsorption behavior. The comparison does not prove that a
chemical reaction occurs, but it does show that the
properties of the sorbate and of the surface influence the
surface excesses more than do surface tension and

solution-phase activity effects.

Figures 2.2a and 2.2b provide further evidence for
specific solute-surface interactions. Figure 2.2a compares
surface excesses of phenol and resorcinol at liquid-vapor
.interfaces and on XAD-4 as functions of the solute mole
fractions in the aqueous phase3. At the same mole
fraction, phenol has a greater tendency to concentrate at
the non-interacting and the weakly interacting interfaces.
Figure 2.2b shéws that the relative tendencies are reversed

for adsorption onto Filtrasorb-100, after 35 days of

3 The curve for surface excesses of resorcinol at the
aqueous phase-vapor interface was established in the same
manner as the curve for phenol, with equations 2.6 and 2.7
and surface tension vs. composition data from the
International Critical Tables (Washburn, 1928).
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Figure 2.2a Surface Excesses of Phenol and Resorcinol at Interfaces with
Aqueous Solutions: Yapor (Solid Lines) and XAD-4 (Symbols).
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Figure 2.2b Surface Excesses of Phenol and Resorcinol on F-100 Carbon.
Contact was for 35 Days at 25°C.
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contact at 259C. Adsorption of the dihydroxybenzene onto
the activated carbon is enhanced more by specific

interactions than is adsorption of the monchydroxybenzene.

2.4 Rates of Adsorption onto Filtrasorb-100 Activated

Carbon

As illustrated in Chapter 1, contact times used to
establish adsorption "equilibrium" between phenolic
compounds and carbon vary widely between investigations.
This variation reflects differences in the mass-transfer
rates in different systems as well as the accuracy of
measurements of solute concentrations and the tenacity of
the experimentors. Generally, investigators monitor the
solute concentration in a representative trial until the
concentration reaches a value that does not change
significantly between samples. A margin of safety is then
added to establish a contact time for subsequent trials.
Experimental results discussed in this section demonstrate

the problems with this practice.

Figure 2.3 compares the kinetics of adsorption of
ethanol, resorcinol, and phenol, onto 10x20 mesh F-100.
For each of the solutes, 200 ml of a dilute solution was
introduced to a 250 ml erlynmeyer flask containing the
carbon. The initial solution concentrations and carbon
weights were respectively; 1.72 x 102 M and 2.0 g for

ethanol, 5.45 x 1073 M and 0.33 g for resorcinol, and
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6.38 x 10-3 M and 0.33 g for phenol. Each vessel was
sealed with a rubber.septum4, and was agitated at 1500 rpm
. and maintained at 25°C in an orbital shaker bath (Lab-line
Instruments Inc., Catalog no. 3535). Samples of volume 2
ml were withdrawn periodically through a sterilized needle
into a glass syringe. The samples were analyzed by HPLC

(for phencl and for resorcinocl) or by GC (for ethanol).

The ordinate of Figure 2.3 is the base-ten logarithm of

the approach to "equilibrium":
' m,=m,
log(———) (2.10)

The letter m denotes the amount of solute adsorbed per gram
of dry carbon (the composite adsorption), while the
subscripts represent the time at whichithe measurements
were made (o denotes initial, t denotes a particular time,
and 1 denotes very long time). The mj values were

determined after 11 weeks of contact.

The steeper the slope of a curve in Figure 2.3, the
faster the approach td the final adsorption uptake.
Ethanol adsorbed more quickly than did the phenolics
throughout the trials. Further, the ethanol concentration

reached a steady value after 8 hours of contact. The

4 In retrospect, a different method of sealing the flask
should have been used, because organics can sorb into
rubber.
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phenol and resorcinol concentrations changed slowly for
about 8 and 10 weeks respectively, but after that time any
changes were too small to detect in samples taken weekly.

A slower approach to a final'adsorption amount indicates an
additional or a greater resistance to the attainment of
equilibrium. These data show that there is more resistance
for resorcinol than for phenol, and more resistance for
phenol than for ethanol. If the extra resistance is due to
chemical reaction, one might expect the reactivities of the

solutes to follow the same order.

In order to establish the isotherms appearing in
Figures 2.1 énd 2;2b, Filtrasorb-100 carbon was ground with
a mortar and pestle and was seived to 100x140 mesh size in
order to reduce the mass-transfer resistance in adsorption
contacts. The seived carbon was redried in a vacuum oven

at 100°C and then cooled in nitrogen just before use.

Figure 2.4 compares the two isotherms for adsorption of
phenol from aqueocus solution onto the small particles.
Each data point represents the results of contacting 15 ml
of a 6.38 x 10~3 M solution with a weight of carbon between
10 and 250 mg in a 20 ml scintillation vial fitted with a
teflon cap liner. The vials were maintained at 25°C and
stirred with magnetic stir bars at a rapid rate. The
concentration of phenol in each vessel was monitored
periodically by GC. After 10 days, no changes could be

detected on an hourly basis. The isotherm measured after
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Figure 2.4 Adsorption of Phenol from Water onto F-100 Carbon at 25°C for
10 Days and for 35 Days.
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35 days of contact was established with separate trials
that were sampled less frequently than were the trials used
to establish the 10-day isotherm. This sampling proceedure
was followed in order to lessen the risk of biological
contamination. Adsorption densities increased
substantially with time even after 10 days of contact in
well agitated vessels. At these long times, mass-transfer

rates should not be limiting the overall adsorption rate.

For comparison, Figures 2.5ab show that ethanol and
5,5-dimethylhydantoin reached steady adsorption amounts
within two days in trials with similar contact conditions.
This fact suggests that, for adsorption of phenol at 25°c,
there is a process that slowly increases the carbon loading
long after equilibrium is established for physical
adsorption. This is a hallmark of chemisorption or a

chemical reaction.

2.5 Influence of Temperature on Adsorption Amounts

Additional evidence for a chemical reaction between
phenol and Filtrasorb-100 comes from a comparison of
isotherms established after 10 days of contact at various
temperatures. Figure 2.6 includes the "10-day isotherm"
from Figure 2.4 as well as isotherms established at higher
temperatures, but with otherwise identical contact
conditions. Figure 2.6 shows that higher temperatures gave

higher loadings for identical solution-phase phenol
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activitieé (see Appendix 2 for infinite dilution activity
coefficients at the different temperatures). In contrast,
Figure 2.7 shows that isotherms for phenol adsorbed from
water onto XAD-4 at 80°C and at 259C are nearly coincident

when normalized for activity.

At a given activity, a higher loading indicates more
energetic interactions at the interface (see Appendix 2 and
the discussion of the Lundelius rule and Traube’s rule), so
higher temperatures change the nature of the adsorption of
phenol onto F-100, but not the nature of the adsorption of
phenol onto XAD-4. It is also important to note that the
isotherms in Figure 2.7 represent equilibrium conditionsS5,
while those in Figure 2.6 do not. In fact, cooling
mixtures used to establish the 80°C isotherm in Figure 2.6
to 25°C (in vigorously stirred vessels) resulted in
slightly increased uptakes and a curve that lay
substantially above the 25°C isotherm, as shown in Figure
2.86. These facts strongly suggest that F-100 promotes a
chemical reactioﬁ which proceeds at a rate that increases

with temperature.

5 The points on the 80°C isotherm were established in two
different ways. The two points at the highest activities
represent the results of contacis for 5 days with no
agitation. The remaining four points were established
after 10 days of contact with agitation by magnetic
stirring. Of these later four points, the one
corresponding to a phenol activity of 2.4x10-3 was tested
after 5 days and had the same loading as after 10 days.

6 Physisorption is favored at lower temperatures, although
physisorption equilibrium was probably not achieved over
the two to three hour cooling period.



Adsorption (pmulc/mg)

40

0.9 4

0.4 : o

0.3

0.2

» | : = 259
0.1
80°C

O

i H T v

0 0.002 0.004 0.006

Phenol Activity (mole fraction)

Figure 2.7 Adsorption of Phenol from Water onto XAD-4 at 25'C and at
80'C.



Log Adsorption (pmole/mz)

41

0.6

0.5 +

0.3

0.2 o

-0.3 + Contacted at 25°Cvk

8 Cooled to 25°C II

-0.4 T R 1 L) ¥ T | i T T T T T T i H T T T

-43 -41 -39 -37 -35 =33 =31 -29 =27 -25 -23
Log Phenol- Activity (mole fraction)

Figure 2.8 Adsorption of Phenol from Water onto F-100 Carbon for 10
Days. Contacts were at 25°C or at 80°C Followed by Cooling to
25°C.



42

2.6 References

Adamson, A.W. Physical Chemistry of Surfaces, 4th ed.,

Wiley-Interscience, NY, 1982.

Mikhail, R.S. and Robens, E. Microstructure and Thermal

Analysis of Solid Surfaces, John Wiley & Sons, NY, 1983.

Jaycock,'M.J. and Parfitt, G.D. Chemistry of Interfaces,

Ellis Horwood Limited, Chichester, England, 1981.

Rixey, W.G., Ph.D. Dissertation in Chemical Engineering,

University of California, Berkeley, 1987.

Smith, J.M. and Van Ness, H.C. Introduction to Chemical

Engineering Thermodynamics, 3rd ed., McGraw-Hill, NY, 1975.

Washburn, E.W., ed., International Critical Tables, Vol. 4,

McGraw-Hill, NY, 1928.

Worley, R.P. Chem. Soc. London, .1914, 105, 260-273.



43

Chapter 3 Regeneration of Activated Carbons

3.1 Goal: Establish a Working Definition of Irreversible

Adsorption

The comparisons of adsorption isotherms in Chapter 2
provide strong evidence for chemical reaction of phenolic
compounds on F~-100 activated carbon. Such comparisons do
not quantify the amount of reacted sorbate, however, nor do
they determine how much of the sorbate can be recovered.

In order to study irreversibilities in the adsorption
process, an operational definition of the term

"jirreversible" is needed.

Since an activated carbon surface is heterogeneous,
adsorbed molecules may have widely différent energies of
interaction with the surface. A quantitative measure’is
needed to determine how many of these molecules cannot be
desorbed without compromising the integrity of the sorbate
molecule or of the surface. The measure should reflect
primarily the conditions of the adsorption rather than the

desorption process.
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3.2 Alternative Methods of Regeneration

Regeneration is most often accomplished by raising the
temperature of activated carbon. Thermal regeneration in
commercial applications usually involves the following
steps; 1) drying of the wet, spent carbon at a temperature
slightly above 100°C, 2) heating the carbon to 800°C or
higher, and 3) gasification of residual organic matter and
oxidation of the carbon Qith oxidizing gases such as steam
or carbon dioxide. This process is widely used because it
can completely renew the specific area and adsorptive
capacity of a carbon surface while less extreme methods may
fail to do so. High energy costs and large carbon losses
(5-15%) are common, however, so improved regeneration

schemes are sought.

Thérmal Gravimetric Analysis, as described in Chapter
1, is a laboratory technique used to study the desorption
of organics during a heating step. This technique has been
used to differentiate qualitatively between physically and
chemically adsorbed phenol (Seewald et al., 1983; Magne and
Walker, 1986) but does not meet all of the requirements of
a regeneration method delineated in the previous section.
One objection is that the éreliminary drying step and the
high temperatures involved may be expected to increase the
rates of surface reactions. Another difficulty comes in
quantifying the fractions of reversibly and irreversibly

adsorbed material. Volatilization of strongly held, but
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reversibly sorbed compound may occur at the same
temperatures at which chemisorbed compouhds decompose.
These two events are not distinguished by gravimetric
analysis. Finally, the integrity of the surface is not
maintained throughout the heating process. Surface
functional groups decompose at temperatures well below

800°C (see for example Zarif’yanz et al., 1967).

Many other methods of carbon regeneration have been
attempted._ Among these, low pressure steaming (Austin,
1984), Soxhlet extraction (Buelow et al., 1973(a and b):
Allen et al., 1971; Pahl et al., 1973; and Knickmeyer et
al., 1973), and wet oxidation of the surface (Knopp et al.,
1978) are inappropriate for this study. The first two
procedures elevéte the temperature of the carbon, and the
later destroys the sorbate and alters the carbon surface.
Volatilization of phenol from activated carbon at ambient
temperature should not be effective either. Phenol
crystals held at ambient temperature under 25 in Hg vacuum
for ten days retained their weight (to within 1%).
Further, it can be inferred from the results of Magne and
Walker (1986) that all of the adsorbed phenol remained on
activated carbon dried at ambient temperature for 1 day.
Two methods that could be carried out at ambient or lower

temperature, and thereby might provide an appropriate basis
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for a definition of irreversible adsorption, are desorption
into a supercritical fluid and regeneration with a liquid

mixture or solvent.

Desorption of phenol from activated carbon into
supercritical carbon dioxide has been studied by Modell et
al. (1980). Fluid temperatures from 55°C to 120°C were
used and a decrease of carbon capacity betﬁeen the first
and second cycles of repeatéd adsorption from water and
desorption into CO, was observed. The decrease in capacity
is consistent with reaction of pheﬁol on the surface, but
the data are insufficient to determine whether or not the
regeneration process affected the amount of irreversible
adsorption. The critical temperature (T.) is 31.1°C, so
the regeneration could have been carried out at a lower
temperature. Supercritical fluid desorption could also be
attempted at lower temperature with ethylene (T = 9.5°C,
Pe = critical pressure = 49 atm.) or with triflouromethane
(Tec = 25.99C, P; = 46 atm.). Advantages of’superéritical
fluids over liquids for regeneration of activated carbon
are superior mass transfer properties for rapid desorption,
low surface tension allowing penetration into very small
pores, and high sensitivity of solubilities to changes in
solvent density facilitating recovery of solutes from the
fluid after desorption. Disadvantages are the complexity

and cost of operation at high pressures.
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3.3 Regeneration with Liquids

Liquid mixtures and pure solvents have several
desirable characteristics as regenerants. As mentioned,
regeneration can be carried out at ambient or lower
temperature so that surface reactions will proceed
relatively slowly. Too, the strengths of chemical
interactions with phenolics can be manipulated: Regenerants
may weakly solvate the desorbed compound or may react
reversibly with it (e.g. acid-base reactions). This degree
of freedom allows a trade-off between the driving force for
desorption and the ease of recovering desorbed material
from the solvent. It is also possible to improve the
driving force for desorption by introducing a compound that‘
displaces the sorbate from the surface. Finally, the
amount of desorbed solute is readily quantified and there
is the possibility of desorbing reaction products that are

not covalently bonded to the surface.

There are also potential problems with liquid
regenerants. Diffusivities in a liquid are much lower than
in a gas, and the time required for complete desorption
into a liquid may allow surface reactions to proceed to a
measurable extent. Non-reversible chemical reaction of the
regenerant with the surface and/or with sorbed species is
possible. Removal of the regenerant from the activated

carbon might also be a problem. The experiments reported
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in the remainder of this section indicate that regeneration
with liquids can provide an adequate measure of

irreversible adsorption despite these potential drawbacks.

3.3.1 Effectiveness of Various Liquid Regenerants

The first test of the effectiveness of various
regenerants was to load an activated carbon with phencl and
then regenerate equal portions of it with equal volumes of
several solvents. A 4.2 gram sample of 10x20 mesh
Filtrasorb-100 was immersed in 2.4 liters of an aqueous
solution containing 6.38 x 10~3 M phenol. The vessel had a
capacity of 4 liters and was not agitated. After 21.3
hours the mixture was vacuum filtered to collect the
carbon, and the carbon was weighed. Equal weight (0.33 g)
portions of wet carbon were contacted with 100 ml each of
vafious solvents for 66.3 hours. Phenol concentrations in
the aqueous raffinate and in the regenerants were
determined by GC, except for those in the basic aqueous
solutions which were determined by HPLC. The first column
of Table 3.la lists the perceﬁﬁage of the adsorbed phenol

removed from the carbon by each regenerant.

The first four solvents listed all removed about the
same amount éf phenol. Additional desorption time was
allowed (for a total of 120 hours) without significant
éhanges in the recoveries, as shown in Table 3.1b.

Additional solvent (100 ml) was added to each of the four
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Table 3.12 Batch Regeneration of Phenol from F-100 Activated Carbon

Percent Removal

F-100 Norit A"
Solvent (10 x 20 mesh) " (Powdcred)
Metyl isobutyl ketone 88.9 ND**
Acetone 88.8 ' -85.7
Dimethylformamide 88.6 95.0
Diisopropylether 88.4 ND
Ethanol - 853 88.3
Benzene 83.1 . 765
Ethyl Acetate 82.9 76.3
Toluene 79.1 ' 82.5
Methanol 78.1 70.6
2-propanol 78.0 : 73.7
0.IN Sodium hydroxide ND ND
0.IN Ammonium hydroxide 309 ND
Distilled Water 16.1 18.3
Contact Time for Adsorption (hours) 21.3 0.5
Contact Time for Desorption (hours) 66.3 0.5
Carbon Loading (mg/gdc) 68.9 200.0
Solvent to Carbon Ratio (ml/gdc) 473.0 10.0

*From Cooney et al, 1983.
**ND == Not Determined

Table 3.1b Completeness of Batch Regeneration of Phenol From F-100

Percent Removal

With
With Additional With
For Additional Solvent .»dditional
Solvent Base Desorption Time (Total= Batch
Case* (Total=120h) 946ml/gdc) (473 ml/gdc)
Metyl isobutyl ketone 88.9 88.8 88.9 88.9
Acetone ' 88.8 88.8 88.9 88.9
n,n-Dimethylformamide 88.6 88.6 v 88.7 . 88.7
Diisopropyl ether 88.4 88.6 88.6 88.6

*Conditions for the base case are given in Table 3.1a
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regenerant mixtures, and the recoveries improved only
slightly after 24 hours, the changes in'recoveries being
within experimental error. The carbon was separated from
each offthe four regenerant mixtures by vacuum filtration
and 100 ml of fresh solvent was added. Phenol was detected
in trace, but not measurable, quantities after 48 hours.
These results suggest that each of the four solvents
recovered virtually all of the reversibly sorbed phenol.
The different chemical natures of the solvents were not
important at the high solvent to carbon ratios employed.
As long as a high enough solvent to carbon ratio is used,
therefore, a single regeneration with one of the top four
solvents can be expected to remove virtually all of the

reversibly sorbed phenol.

The remaining organic solvents listed in Table 3.1a
varied in their ability to remove phenol from the carbon,
but the differences were not great. Aromatiés, alcohols,
and ethyl acetate recovered between 87 and 97 percent of
the amount recovered by methyl isobutyl ketone (MIBK).
These results may bejcompared to those from an earlier
study summarized in the second column of Table 3.1la (Cooney
et al., 1983). The variation in recoveries was somewhat
greater in the earlier study, which reflects the much lower
solvent to carbon ratio and the higher loading. The
felative ordering of solvents is not identical, but, in

general, there are more similarities than differences.
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Most importantly, dimethyl formamide, ethanol, and acetone
gave greater removals than did other solvents tested in
both studies. It should be noted that in the study of
Cooney et al., a marked improvement in the recovery of
phenol with acetone (to 90.2%) was achieved by doubling the

solvent to carbon ratio.

\

Phenol recoveries with water and with the basic aqueous
solutions were less than those with organic regenerants.
The strongly polar nature of w&ter favors the partioning of
phenol to the solid-liquid interface. Also, the high
.surface tension of water faQors partitioning of phenol to
the liquid-solid interface because greater reductions in
interfacial energy result per mole of phénol accumulating.
The low percent removal for distilled water refiectS‘the
fact that phenol-water-F-100 adsorption isotherms are steep
in the dilute region and indicates that large quantities of
water would be required to desorb the reversibly bound

phenol.

Addition of b#se enhances the recovery since much of
the phenol is then in the form of phenolate ion, which is
well solvated by water and is expected to have relatively
little affinity for the surface a’ high pH (Mattson et al.,
1969; Muller et al., 1980; and see Section 5.2.4).

Ammonium hydroxide was much less effective than sodium
hydroxide, presumably due to the relative strengths of the

bases. Basic aqueous solutions promote oxidation of
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phenolics (Penketh et al., 1957; Lim et al., 1983; Chin et
al., 1985; and see Section 5.2.4), and the regenerant
mixtures did develop a yellow coloration. Oxidation during
the desorption process limits the recovery of phenol.and
could intérfere with the identification of reaction
products formed in the adsorption process. Incomplete
recovery of phenol from activated carbon by Goto et al.

(1986, see Chapter 1) may have been due to oxidation.

Previous studies have attempted to rationalize thé
differing abilities of solvents to regenerate phenol from
activated carbon (Pahl et al., 1973; Knickmeyer et al.,
1973; and Fuchs and Kuhn, 1976). In the first two studies,
the solvents were held at 40°C, so surface reactions might
have affected the results. The highest recovery achieved
in either of the first two studies was 70%, and the
recoveries were generally much lower. Despite the elevated
temperature, the relative effectivenesses of the solvents
were consistent with the ordering in Table 3.la. From best .
to worst, the solvents were: dimethylformamide, benzene,
tetrahydrofuran, dioxane, methanol, acetonitrile, dodecyl
alcohol, cellulose acetate, cyclohexane, and water.
Attempts to correlate regeneration ability with solubility
parameters, molar volumes, dielectric constants, dipole
moments, and pK, values were unsuccessful. Limited success
was achieved in relating heats of solution of phenol in

various solvents, and measured heats of hydrogen bond
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formation for phenol with solvent molecules, to desorption
efficiencies. This success, while qualitative, suggests
that specific interactions between phenol and solvent
molecules play an important role at the (lower) solvent to

carbon ratios employed in these studies.

A quantitative scale of adduct interaction energies has
been developed by Drago (1973, and Drago et al., 1971).
The method correlates enthalpies of adduct formetion (4H)
in the gas phase and in poorly solvating solvents with
electron donor and acceptor properties. Donor-acceptor
properties are resolved into electrostatic and covalent
contributions, and two parameters E and C are thereby

assigned to each eompound. The governing equation is;
AH =E (E4+C ,C, (3.1)

where the subscripts A and B indicate the acceptor and the
donor respectively. The original set of E and C parameters
was determined mainly from enthalpy data for interactions
of iodine and of phenol, so this method should be very
ueeful for gauging solvent-phenol interactions. Table 3.2
shows results of Drago’s workethat are relevant to the

experiment being discussed.

According to the enthalpies of interaction given in
Table 3.2, dimethylformamide (DMF) and diisopropylether

(DIPE) should be‘strong regenerants of similar efficacy.
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Table 3.2

Donor-Acceptor Interaction Parameters from the Model of Drago”
Acceptor Ca Ea
Phenol 0.442 4.33
Donors Cg Eg <dH = EAEg + CACB"
Dimethylformamide 2.48 1.23 6.42
Diisopropylether 3.19 1.11 6.22
Acetone 2.33 0.987 5.30
Ethyl Acetate 1.74 0.975 4,99
Benzene 2.42 242

*Drago et al.,, 1971 and Drago, 1973.

0.486

“*Enthalpy units are kcal/mol; E and C parameter units are (kcal/mole)t/2,
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The results in Table 3.la support that prediction. Acetone
is expected to be less effective, and this was true for the
regeneration of Norit A, but not for regeneration of F-100
at the very high solvent to carbon ratio. Ethyl acetate
should be less effecti&e than DMF, DIPE, and acetone and
was in both eiperiments. Finally, benzene has a predicted
interaction enthalpy well below those of the other four
compounds in Table 3.2, but was not far worse as a
regenerant. These results reveal that interéctions other
than those of the solvent and phenol must be considered.
The presence of water (a strong electron donor and electron
acceptor) has been shown to decrease the regeneration
effectiveness of solvents markedly (Pahl et al., 1973; and
Knickmeyer et al., 1973). The surface properties of the

activated carbon should also be important.

The experimental results in Table 3.la and Table 3.1b
strongly suggest that all of the reversibly sorbed phenol
on F-100 could.be desorbed with a high ratio of acetone
volume to carbon weight. Acetone has additional virtues as
a regenerant, including high volatility and complete
miscibility with water. These facts are important because,
in most commercial processes, residual solvent would be
removed from the carbon following desorption. Flushing
with water or steam would be economical methods to remove
acetone from activated carbon. Miscibility with water was

particularly important for this study because it was
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desired to remove.residual solvent from the carbon without
elevating the temperature. Acetone also has the virtues of
beiqg»relatively innocuous and of being less expensive than
MIBK, DMF, end DIPE. Consequently, acetone was chosen as

an aﬁpropriate regeneration solvent for further.studies of

irreversible adsorption.

3.3.2 Effectiveness of Phenolic Displacers

Additional driving force for removing reversibly sorbed
phenolic compounds from activated carbons can be provided
through a ‘displacer’. A displacer is "a strongly adsorbed
dominant adsorbate" (Thakkar and Manes, 1987). An
effective displacer will have more affinity for the surface
and/or will be present in much greater quanity in the

regenerant than the original sorbate.

Thakkar and Manes found that phenol, 2-nitrophenol, and
4-chloro-3-methylphenol coula be quantitatively displaced
from Filtrasorb-400 activated carbon. The phenolic
compounds were adsorbed from a solutien of multiple solutes
in methylene'chloride over a contact time of at least 48
hours. Very low loadings resulted (of order 1 milligram
per gram of dry carbon, 1 mg/gdc), and it was expected that
the loading of any one compound was independent of the
loadings of the other compounds. After the adsorption
eontact, the methylene chloride was evaporated, and the

‘dry’ carbon was contacted with a mixture of 80 g/L
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phenolic displacer in methanol. Phenol was the displacer
for 4-chloro-3-methylphenol and for 2-nitrophenol, and -
4-chloro-3-methylphenol was the displacer for phenol. The
investigators concluded that none of the phenolic compounds

tested reacted with the carbon.

In the present work, tests were run to see whether
mixtures containing phenolic displacers could desorb more
phenol than could be removed by pure solvents, when high
solvent to carbon ratios and multiple batch contacts were
used. For adsorption, 20x40 mesh Witco Columbia activated
carbon was contacted with a dilute solution of phenol in
water under various conditions, as summarized in Table 3.3.
The carbon was separated from solution by vacuum filtration
and weighed to determine the ratio of wet to dry carbon.
Regeheration of equal-weight portions of carbon was
accomplished through batch contacts continued until phenol
could not be detected in a regenerant after at least 2

days.

The results corresponding to trial number 1 in Table
3.3 show that phenol was completely recovered with methanol
and with 4-chloro-3-methyl-phenol in hethanol (80g/L) after
an adsorption contact for 24 hours at ambient gemperature.
The percent desorption cannot be greater than 100, and the
higher value reported for desorption into methanol reflects
experimental inaccuracies. After the final desorption

contact with methanol, the carbon was vacuum filtered and
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Tablc 3.3 Desorption of Phenol from Witco Columbia Activated Carbon into
Solvents and with Displacers

Trial Number

1 2 3

Adsorgtio/‘n"‘_

Temperature (C) Ambient - 80 80

Contact Time (hours) 24 120 120

Loading ( mole/m?2) 1.57 3.49 3.37

Desorption*”

% Desorption into MeOH 104.1 349 35.2
Additional % Desorption 0 0 -
into 4C3MP in MeOH _

Additional % Desorption - - 0
into TCP in MeOH

% Desorption into 4C3MP in ' 99.8 34.2 -

MeOH

% Desorption into 3NP in - 34.7 _ -

MeOH

% Desorption into TCP in - 36.3 349

MeOH

% Desorption into Acetone - - 354

% Desorption into TCP in - - 35.7

Acetone

*For trial 1, 600 ml of 6.38 x 10-3 M phenol in water and 1.05 g dry carbon were
contacted. For trials 2 and 3, 600 ml of 1.28 x 10-2 M phenol in water and 1.05 g
dry carbon were contacted. Contact was in a | liter glass vessel at ambient
temperature and with no agitation.

**Wet carbon samples of weight equivalent to 0.2 g dry carbon were contacted
with regenerants for at least 48 hours in well agitated vessels at ambient
temperature. Multiple batch desorptions were carried out until phenol could not
be detected in the regenerant.

Abbreviations: MeOH = Methanol

4C3MP = 4-Chloro-3-methylphenol
TCP = 2,4,6-Trichlorophenol
3NP = 3-Nitrophenol
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contacted with 80g/L 4-chloro-3-methylphenol in methanol.
No phenol was detected in the mixture after 48 hours.

These results indicate that all of the phenol was
reversibly adsorbed and that methanol was as effective as
the solution containing displacer for recovering reversibly
sorbed solute. It also appears that Witco Columbia has
less téndency to promote irreversible adsorption than does
Filtrasorb-100, at least for the adsorption conditions of

Trial 1 (see Section 3.3.1 for comparison).

A higher adsorption temperature and a longer adsorption
contact time were used in the second and third trials in
order to promote irreversible adsorption. Correspondingly,
desorption into methanol was incomplete. 1In the second
trial, regene;ation with methanol was followed by a contact
with 4-chloro-3-methylphenol in methanol, but no further
desorption occurred. 1In the third trial, regeneration with
methanol was followed by a contact with
2,4,6-trichlorophenol in methanol, with no further
desorption. 1In addition, four mixtures of phenolic
displacers in a solvent (each 80g displacer per liter of.
solution) were contacted with fully loaded carbon and,
within experimental uncertainty, each recovered the same
quantity of phenol as did methanol alone. 1In the third
trial, acetone also recovered the same amount of phenol és

did methanol. These results indicate that solvents
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containing displacers are no more effective for desorbing
phenol than are pure solvents, when there is no restriction
on the quantity of regenerant used.
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Chapter 4 Characterizing the Reaction

4.1 Influences of Adsorbent Properties on Irreversible

Adsorption

Figures 2.1 and 2.2a showed that adsorbent properties
influence the surface excesses of phenolic compounds. It
has also been established that chemical changes may take
place at an interface resulting in irreversible adsorption.
The characteristics of a solid that promote irreversible
adsorption remain to be determined. This section explores
the connection between adsorbent prdperties and the
relative tendencies of the adsorbents to promote
irreversible adsorption. Accordingly, a wide variety of

adsorbents are tested.

4.1.1 XAD-4, A Reversibly Adsorbing Resin

Macroreticular syhthetic resins without ion exchange
functional groups are effective for removing phenolic
compounds from water (see e.g. Fox, 1978; van Vliet and
Weber, 1981; Chriswell et al., 1977; and Costa and
Rodrigues, 1982). These resins have high surface areas
(usually 300-800 m2/g) because each particle is an
agglomeration of microspheres with diameters as small as

10-4 mm. The resins should interact with sorbed organics
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through dispersion forces, and binding energies should
generally be lower than those for the same sorbates on an
activated carbon (Gustafson et al., 1968). Under these
conditions, adsorption should be completely reversible
through solvent regeneration. Experiments were conducted
to test this hypothesis for XAD-4, a macroreticular

adsorbent with minimal surface functionalityl.

Amberlite XAD-4 is a polystyrene-divinylbenzene
copolymer with a very high surface area (725 m2/g, Table
2.1b). This copolymer has an aromatiévstructure and is
nonpolar and hydrophobic. These characteristics favor the
sorption of phenolics from water and account for larger
surface excesses on XAD-4 than at a liquid-vapor interface
(see Figure 2.2a). The enthalpies of binding for
m-chlorophenol and 2,4-dichlorophenol on this sorbent are
-4 and -6 Kcal/mol respectively (Paleos, 1969), indicating
that these compounds are physisorbed. Accordingly,
complete recovery of phenol, adsorbed from an acidic
aqueous stream at ambient temperature, has been achieved
through regeneration with acetone and with methanol (Crook

et al., 1975).

Complete recovery of phenol and resorcinol sorbed from
neutral agqueous solutions at 25°C was achieved in this work

for the batch adsorptions reported in Figure 2.2a. The

1 XAD-4 contains no heteroatoms, but contains pendant vinyl
groups that may be reactive (see Bootsma et al. 1984).
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loaded resin was regenerated with acetone according ﬁo the
method detailed in Section 4.1.4.1. All mass balances
closed to within 5%, as shown in Figure 4.1. 1In Figure
4.1, the open symbols represent total uptakes while the
solid bars represent regeneration amounts. symbols at the

same solute mole fraction correspond to the same trial.

The rate of chemisorption of phenol on activated carbon
increases with increasing temperature. Additional tests
were conducted to determine whether XAD-4 promotes
irreversible adsorption at elevated temperature. The
results of adsorption contacts at 80°C were reported in
Figure 2.7 and are shown again as total uptakes in Figure
4.2. Also shown in Figure 4.2 are reversible uptakes.
Regeneration with acetone was complete with all mass

balances closing to within 5%.

The regeneration results show that XAD-4 does not
promote irreversible adsorption under the conditions
tested. This fact implies that activated carbon has
specific features that cause irreversibilities.
Concentration and reaction of phenolic molecules at an
interface that does not participéte in the reactions, or
chemical reactions in the bulk soclution, cannot account for
non-closure of mass balances for carbons. Similarly,
hiodegradation cannot be occurring unless the bacteria are

introduced with the carbon, and the drying process should
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prevent this. Therefore, it is important to examine the
surface properties of activated carbon and their influences

on irreversible adsorption.

4.1.2 surface Properties of Carbons That Affect Total

Uptakes of Phenolic Compounds

Several investigations have shown that surface
properties of carbon influence the adsorption densities of
phenolic compounds, but almost none of these studies
address the question of reversibility. It is reasonable to
suspect, however,-that the properties which influence total
uptakes may influence irreversible uptakes as well. This
section reviews some of the studies most relevant to this

topic.

Activated carbon consists of microcrystallites which,
in turn, consist of disrupted graphitic layers (Coughlin
and Tan, 1968). A graphitic layer may be regarded as a
large polynuclear aromatic molecule that interacts with
phenolic sorbates through dispersion forces. Ffee valences
at the edges of graphitic layers may react with heteroatoms
to form functional groups, or they may remain as reactive
sites. Functional groups that have been identified or'
inferred to be on ca>bons include carboxylic acids,
lactones, carbonyis, phenols, and sulphonylsz. These

groups can interact with phenolic sorbates through Lewis

2 Many other groups have been postulated, but those
mentioned are thought to be the most common.

I
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acid-Lewis base associations. Finally, activated carbons
.generally contain inorganic materials in the form of ash.
Metallic elements such as iron are common and, at least

potentially, could catalyze sorbate reactions.

Coughlin and Ezra (1968), Coughlin and Tan (1968), and
Coughlin et al. (1968) found that isotherms for phenol
adsorbed from water onto various carbons had two plateaus,
one at low concentrations (0.1-0.3 mmoles/l) and one at
higher concentrations (100-300 mmoles/l)3. Acidic surface
oxides [formed through wet oxidation with ammonium
persulfate and thought to be primarily in the form of
carboxyls and lactones (Cookson, 1978)] reduced uptakes per
unit érea in the dilute region, but usually had little
effect on adsorption from more concentrated solutions. The
investigators attributed decreased uptakes from dilute
solutions to weakened dispersive interactions between pi
electrons in carbons and the pi electrons of phenol.
Outgassing oxidized carbons at 890°C remoyed the surface
oxides and restored the original adsorption

characteristics.

Epstein et al. (1971) studied adsorption of
p-nitrophenol onto A pyrolytic carbon in oxidized and

reduced forms. Adsorption was favored on the oxidized

3 Dual plateaus of this type were not observed in this
work. :
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carbon, which was thought to possess primarily quinone
groups. The reduced carbon was thought to possess mostly

hydrogquinone groups.

Eptein’s findings support the contention of Mattson et
al. (1969) that donor-acceptor complexes are the primary
form in which phenolic compounds are adsorbed onto many
activated carbons. Carbonyl oxygen on a carbon donates
electrons, while the aromatic rings of sorbates accept
electrons. Mattson et al. also found that nitrophenols and
nitrobenzene interacted more strongly with a carbon than
did phenol, and concluded that this was due to the ability
of nitro-groups to withdraw electrons from aromatic rings.
In addition, they suggested that oxidation of carbon as
carried out by Coughlin and coworkers decreased phenol

adsorption because carbonyl groups were oxidized.

Mahajan et al. (1980) disagree with Mattson et al.
Mahajan and coworkers found no difference in phenol uptakes
for carbons with different surface concentrations of
carbonyl groups. These investigators confirmed the
observation that acidic surface oxides decrease phencl
uptakes from dilute sclutions and suggested that
preferential uptake of water is responsible. They argued
that clusters of water molecules could form on oxygenated
;ites and could potentially block pore entrances. This

view is supported by increased phenol uptakes onto oxidized
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carbon from a nonpolar solvent (cyclohexane) and decreased
uptakes onto a carbon with carboxyl hydrogens exchanged for

sodium atoms.

Mahajan et al. also found decreased phenol uptakes on
carbons with reduced ash contents. They surmiséd that this
could be due to electron donating abilities of impurities
and/or the abilities of alkali and alkaline earth .

impurities to increase the basicity of a carbon surface.

In summary, the chemical properties of activated
carbons markedly influence the uptake of phenolic compounds
from water. Acidic surface oxides hinder adsorption, while
the influencés of basic surface oxides are open to debate.
Ash has been shown to promote phenol adsorption, but the.
reasons for this are speculative. Activated carbons
contain unpaired electrons, but no studies could be located
that demonstrate a link between unpaired electrons and

phenol uptakes.

4.1.3 Characterization of Activated Carbon Surface

Chemistries

Given the discussion in the previous section, chemical
characterization of carbon is important to the
understanding of adsorption interactions. Unfortﬁnately,
activated carbon is difficult to characterize, and most
properties of interest must be inferred. Three

experimental methods were used to gain information about
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carbons used in this work -- elemental analysis, reaction
with lithium aluminum hydride, and infrared spectroscopy.
The techniques and resﬁlts for vendor-supplied carbons are

summarized in this section.

4.1.3.1 Elemental Analysis

vElemental analysis of adsorbents was performed by Mr.
V. Tashinian of the College of Chemistry Microanalytical
Laboratory at the University of California, Berkeley.
Weight fractions of carbon, hydrogen, and nitrogen were
determined with a Perkin-Elmer Model 240 Elemental Analyser
(Perkin-Elmer, Norwalk, Conneticut). Samples were burned
in excess oxygen, and the combustion products CO,, Hp, and
N, were guantitatively determined with a thermal

conductivity detector.

The weight fraction of sulfur in eaéh adsorbent was
established with the Grote Combustion method. Each sample
was burned in excess oxygen, and the combustion products
were contacted with a solution of 3% hydrogen peroxide in
water. This solution absorbed sulfoxides which precipitate
as BaSO, after addition of BaCl;. The BasSO, was weighed,
and the amount of sulfur in the original sample was

- determined by mass balance.

The ash content of activated carbons was determined
from the weight of the residue remaining after the Grote

Combustion analysis. Weight percents of ash components (K,
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Mn, Na, Cu, Co, Fe, and Cr) were determined by disolving a
carbon sample in a mixture of concentrated acids (1 part
'HpSO4 to 1 part HNO3 by volume), diluting the mixture with
water, and then measuring the atomic absorption of
individual elements. A Perkin Elmer 2380 Atomic Absorption

Spectrophotometer was used for the analyses.

The weight fraction of oxygen in an adsorbeﬁt was
measured by pyrolyzing a sample in helium at 970°C. The
oxygen formed carbon monoxide, which was separated from
acid gases by passing the combustion products through a
mixture of sodium hydroxide on asbestos. The carbon
monoxide passed through the mixture and was converted to
CO, over a mixture of Cu and Cuo at 670°C. The amount of
carbon dioxide formed was determined with a thermal
conductivity detector, and the amount of oxygen in the
original sample was back calculated. This procedure does
not measufe oxygen present as stable oxides in the ash but

does measure oxygen in adsorbed water.

Elemental analyses of vendor-supplied activated carbons
are presented in Table 4.1. The analyses for the first
three carbons listed were reported in an earlier study from
this laboratory (Munson, 1985). Due to equipment
difficulties, no oxygen analyses were available for
pretreated samples of Filtrasorb-100 and Witco Columbia.
Oxygen analyses were available for samples of these carbons

that were rinsed with water, but not subjected to Soxhlet



Tablec 4.1 Elemental Analysis of Vendor-Supplied Activated Carbons

Elemental Analyses (Weight Percent)
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Activated

Carbon C H N S 0] Ash Toral

Witcarb 950 95.14 0.55 0.06 2.73 0.90 0.5 99.9 -

Super Sorb 79.91 0.45 0.10 0.11 0.76 19.0 100.3

Row 0.8s 7722 082  0.62  0.14 10.28 4.6 93.7

F-100 88.95 0.05 0.41 0.78 (3.41)° 6.4 96.6
97.6

Columbia 93.70 0.18 0.00 3.31 (241" 0.40

*Determined by difference and not included in the total.
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extraction in the manner described in Section 2.1. A
sample of F-100 contained 2.16 weight percent oxygen, while
a sample of Witco Columbia contained 2.12 wéight percent
oxygen. These values are reasonable for the pretreated
samples as well, given the amounts of nonclosure for the

mass balances.

It should be emphasized that the elemental analyses
measure bulk rather than surface properties. These
activated carbons have extremely high specific surface
areas, however, so high percentages of the elements are
located at the surfaces. The percentage of oxygen at the
surface should be especially high when the raw material for
the activated carbon contains little oxygen (i.e. petroleum

or coal, but not peat).

4.1.3.2 Active Hydrogen

Hydrogen atoms that react with lithium aluminum hydride
in ether to evolve hydrogen gas are defined as active
hydrogen. In general, hydrogen atoms bonded to nitrogen,
oxygen, or sulfur atoms are active. LiAlH4 is a reducing
agent and acts as an H™ donor. One mole of Hs(g) is
liberated and one quarter mole of hydride consumed for each
mole of active hydrogen. LiAlH4 does not reduce ethers,
ketals, acetals or carbon-carbon double or triple bonds.

Alcohol hydrogens are active, but the group is not reduced.
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Figure 4.3 illustrates reactions expected for selected
functional groups commonly present on activated carbons.
The carboxylic acid hydrogen is active, and the group is
reduced to a diésociated alcohol. The carponyl group
contains no hydrogen, but is reduced by the hydride. The
phenolic hydrogen is active, but the group is not reduced.
If any of the reacted groups is contacted with a protic
solvent (e.g. water), an alcohol forms. While active
hydrogen atoms are not always acidic in the Brénsted sense,
the amount of H,(9) evolved during reduction of a carbon
reflects the surface acidity. Riven (1963) found good
agreement between the active hydrogen contents of carbon
blacks and their acid contents as determined by titration

with NaOH.

The experimental method used in this work was adapted
from that used by Riven for carbon blacks. A mixture of §
grams of LiA1H4'and 100 ml of spectrograde diglyme
[bis(2-methoxyethylether)] was prepared under a nitrogen
atmosphere. A known weight of dry adsorbent (or chemical
to be tested) and a magnetic stir bar were placed in a 25
ml, three-neck flask, and the flask was sealed. One neck
of the flask was sealed with a ground glass stopper. A
second neck was sealed with a rubber serum stopper attached
to a teflon adapter. The third leg of the flask was
connected via tygon tubing to one leg of a manometer filled

with heptane. The sealed flask was placed in a bath of
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Figure 4.3. Reactions of Selected Functional Groups with Lithium Alumioum

Hydride.
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diglyme to maintain a reaction temperature near ambient.
Sealing the flask increased the internal pressure, so the
serum stopper was pierced momentarily with a syringe needle
.- to bring the pressure back to ambient. Twenty milliliters
of the LiAlH4-diglyﬁe solution were injected through the
serum stopper and vigorous stirring was initiated.
Manometer readings were taken periodically for about two

hours to determine the amount of hydrogen evolved.

Blank runs were required to interpret the data
properiy. Immediately before an adsorbent was tested, a
trial run was carried out with no adsorbent. Adding
reagent to the flask increased the internal pressure and,
more importantly, hydrogen gas was evolved from the
LiAlH4-diglyme mixture. It has been established that this
type of solution reacts slowly with atmospheric oxygen
(Hochstein, 1949) and that water in the solvent would
react. It was important to run the blank and the trial
with adsorbent in quick succession and as soon as possible
after preparation of the LiAlHs-diglyme solution. Lithium
aluminum hydride converts to an insolubie and nonreactive
form in ether solution (Brown, 1951). The difference in
thelamount of hydrogen evolved from a run with an
adsorbent, and that evolved over the same time period for a
blank run, was used to calculate the amount of active

hydrogen on the adsorbent surface.
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There are other complications in the determination of
active hydrogen. ohe concern is that LiAlH4 reacts with
water to form hydroxl ion and hydrogen gas. Carbons were
carefully dried before the measurements were made, and
mixtures of LiAlH4 and diglyme were prepared under a dry
nitrogen atmosphere. It has also been observed that the
amount of active hydrogen determined experimentally does
not always correspond to the value suggested by the
chemical structure (Krynitsky et al., 1948). 1In
particular, aromatic diols liberate an average of 1.5
rather than 2 equivalents of Hy(g). This fact suggests
that keto-enol tautomerization and other resonance effects
may be important for the polynuclear aromatic surface of: an
activated carbon. Despite these complications, active
hydrogen should be a useful measure of the total surface

acidity.

Table 4.2 lists active hydrogen values for four of the
vendor-supplied carbons on per gram and per unit surface
area bases. Munson (1985) determined the values for Super
Sorb and for Row 0.8s, but did not report a value for
Witcarb 950. The values for Columbia and F-100 were
determined in this work. The active hydrogen contents
reported on a per gram basis are in the same order as the
hydrogen weight percents determined by elemental analysis
(see Table 4.1). Except for the case of F-100, the active

hydrogen values are less than the amount of hydrogen
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Table 4.2 Active Hydrogen Contents of Vendor-Supplied Activated Carbons

Active Hydrogen

Activated Carbon {mmoles/g) (umole/m?2)
Super Sorb 1.12 0.47
Row 0.8s 3.10 4.77
Columbia 0.88 0.98
F-100 0.78 0.97
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indicated by elemental analysis. For F-100, the actual
weight percent of hydrogen is probably higher than the
value reported in Table 4.1. This contention is supported
by the fact that elemental analysis gave 0.81 wt.% hydrogen
in a sample of F-100 that was rinsed with‘water but not

subjected to Soxhlet extraction (Munson, 1985).

4.1.3.3 Fourier Transform Infrared Spectroscopy

Two of the vendor-supplied activated carbons used in
this work had previously been characterized by Fourier
Transform Infrared Spectroscopy (FTIR). In addition, a
carbon treated with nitric acid was characterized, and the
results are significant to this study. The analyses were
conducted by Curtis Munson and are described in his Ph.D.
dissertation (1985). Relevant conclusions are presented in

this section.

An FTIR spectrum for Witco Columbia showed two peaks =--
one at wavenumber ca. 1530 cm~l and one aﬁ wavenumber ca.
1100 cm~l. The former peak could indicate enol carbonyl,
quinone, and/or graphitic aromatic functionality. The
latter peak could indicate phenolic or amine functionality.
Since Witco Columbia has a low nitrogen content, phenolic
groups are indicated. This view is supported by the

 sizable amounts of oxygen and active hydrogen and the fact
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that there was no (FTIR) evidence for carboxylic acid
functional groups (i.e. there were no peaks at ca. 1720 and

1220 cm-1).

Oxidation of Witco Columbia with nitric acid (for 3
hours aﬁ 50°C) dramatically altered the surface chemistry.
The spectrum showed sharp peaks at 1720, 1580, and 1220
cm~l. Munson decided that carboxylic acid and/or
dicarboxylic acid groups were predominant and that some

oxygen was present in the form of carbonyls or ethers.

In contrast, carbonyl and phenolic groups predominate
6n the surface of Norit Row 0.8s. The FTIR spectrum showed
a strong band centered at 1570 cm~l and weaker bands at
1640, 1240, and 1120 cm'l; The strong band indicates
carbonyl groups, while there was no evidence for carboxylic
acid groups. The amount of active hYdfogen and the band at
1240 cm~l suggest the presence of phenolic groups. In

addition there was evidence for amine functionality.

4.1.4 Influences of Functional Groups on Irreversible

Adsorption

A popular hypothesis used to explain irreversible
adsorption of phenolics on activated carbon is chemical
reaction of sorbate molecules with surface functional
groups (Yonge, 1985; Modell, et al., 1980; Puri, 1980; and
Chang, 1980 & 1981). Several experiments designed to test

this hypothesis are presented in this section. In these
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experiments, the adsorption capacities and regenerabilities
of adsorbents with different surface chemistries are

compared.

4.1.4.1 Experimental Procedure

Unless otherwise specified, the contact conditions were
as follows: A known weight of 20x40 mesh size adsorbent
was placed in a 20 ml scintillation vial along with 15 ml
of an aqueous solution containing a phenolic solute. The
vial was sealed with a teflon-lined cap and was maintained
at a constant temperature without agitation. After 5 days
of contact the teflon-lined cap was repléced by a cap that =
was perforated and that contained a 0.5 micrometer Filinert
membrane filter (Nﬁclepore Corp.). The filter had been
prewet with acetone, thoroughly rinsed with water, and then
blotted ‘dry’ with a Kimwipe tissue. A plastic centrifuge
tube was inverted and placed over the top of the vial, and
the combination was sealed with parafilm. The connected
vial and tube were placed in a Damon/IEC model CL
centrifuge, tube side down, and spun at 2500 rpm for 10
minutes. The aqueous phase was decanted from the
centrifuge tube, and the tube and the vial were
reconnected. The combination was returned to the
centrifuge, tube side up, and spun lightly for about a
minute. This step separated the carbon from the moist
filter. The filter was removed from the cap and placed in

the vial. Acetone was introduced to the vial, and batch
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regenerations/were performed until the cumulative volume
(in ml) of acetone used was atleast 500 times the dry
adsorbént weight (in grams), or until no phenolic compound
could be detected in the regenerant after at least two days
of contact. The scintillation vial was agitated at ambient
tempeféture during the‘regeneration contacts. After each
éuch contact the regenerant mixture was separated from the
carbon by centrifugation in the same manner as was the
aqueous phase. The same filter was used for each

centrifugation of an adsorbent sample.

Tests were done to ensure that this procedure yielded
adequate mass balances. Aqueoué solutions of phenol did
not change concentration when contacted with a plastic
centrifuge tube, and phenol could not be detected in the
regenerant when a trial was performed without an adsorbent
(but with a filter). In addition, mass balances closed
well for trials with XAD-4 and phenol or resorcinol (see

Section 4.1.1).

4.1.4.2 Vendor-Supplied Carbons

Sevéral investigators have stated or implied that
irreversible adsorption is due to a 1:1 stoichiometric
reaction between sorbate molecules and oxygen-containing
surface functional groups (Yonge, 1985; Modell, et al.,

1980; Puri, 1980; and Chang, 1980 & 1981). An experiment
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designed to compare the tendencies of the vendor-supplied
carbons to adsorb phenol irreversibly shows that such an

explanation is inadequate.

Equal surface areas (30 m2) of the carbons were
contacted with equal volume aliquots of an agqueous solution
6.27 x 10=3 M in phenol. Two trials were run for each

carbon, and the adsorption temperature was 80°cC.

The second and third columns in Table 4.3 show the
average amounts of total and irreversible adsorption per
unit surface area of each carbon and the variations from
the averages. 1In each case, between one-half and
two-thirds of the adsorption could not be reversed.
Irreversibly sorbed phenol molecules cover large fractions
of the carbon surfaces4. If phenol is adsorbed
irreversibly on particular sites, then, those sites must be
very abundant. Further, since high loadings of reversibly
sorbed phenol can be achieved on the same carbons, |
physisorption and chemisorption can occur on the same type

of site.

The fourth and fifth columns show maximum surface

concentrations of oxygen and heteroatoms (oxygen, sulfur,

4 There is disagreement in the literature about the area
occupied by a phenol molecule at various surface
concentrations. If a flat orientation is assumed, a
molecular area of 0.45 nm2 is reasonable (Mattson and Mark,
1971 and Chang et al., 1981), and 3.7 micromoles of phenol
would cover 1 m2 of surface. On this basis, irreversibly
adsorbed phenol covers 28 to 43% of the surface area of the
vendor-supplied carbons.
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Table 4.3 Comparative Regenerability of Vendor-Supplied Activated Carbons

Total Irreversible
Activated Adsorption Adsorption Oxygen* Heteroatoms”
Carbon (umoles/m?2) (umoles/m?2) (umoles/m?) (vmoles/m2)
Super Sorb 1.73 + .02 1.02 + .01 0.20 0.25
Witcarb 950 2.06 + .05 1.05 + .05 0.54 1.39
F-100 2.33 + .03 1.55 + .08 2.66 . 3.33
Row 0.8s 248 + .02 1.56 + .07 9.88 10.63
Columbia 247 + .02 1.58 + .05 1.67 _ 2.82

*Maximum surface concentrations based on elemental analysis.
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and nitrogen) for each of the carbons. These
concentrations were calculated from the elemental analyses
. with the amounts of oxygen for Columbia and F-100
determined from nonclosure of the mass balances. These are
maximum surface concentrations, because using mass balance
nonclosures probably over estimates the oxygen values and
because some of the heterocatoms will not be at the carbon
surfaces. The latter point is particularly important for
Row 0.8s, which is de;ived from peat and is expected to

have a large amount of internal oxygen.

Comparison of the third and fourth columns shows that
for Super Sorb and Witcarb 950 tﬁere is not enocugh oxygen
to éccount for the irreversible adsorpﬁion by one or more
1:1 reactions. This-woﬁld also be trﬁe for Columbia if the
oxygen analysis reported by Munson was used. Groups
containing sulfur or nitrogen might also be reactive, but,
as comparison of the third and fifth columns shows, 1l:1
stoichiometric reactions would still not account for the

amount of irreversible adsorption on Super Sorb.

The relative tendencies of the vendor-supplied carbons
to adsorb phenol have additional.implicatiohs. There does
not seem to be a direct relationship between total or
irreversible adsorption and surface acidity as measured by
active hydrogen. Further, despite wide differences in the
elemental analyses, the last three carbons listed in Table

4.3 had virtually identical adsorption tendencies. The
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amounts.of oxygen or total heterocatoms on the carbons did
not correlate well with total or irreversible adsorption.
Neither did the ash contents of the carbons seem to matter.
In sum, this "broad-brush" experiment does not indicate a
mechanism for irreversible adsorption, but it does make

some of the possibilities less likely.

4.1.4.3 Oxidized Carbons

Surface functional groups form on an activated carbon
surface that is exposed to an oxidizing solution of
sufficient strength. Witco Columbia was treated with
various oxidants in aqueous solutions in order to develop a
variety of surface chemistries. Hydrogen peroxide, nitric
acid, and potassium permanganate were the oxidants
employed. Potassium permanganate added substantial amounts
of ash to the carbon. Consequently the treatment results

for KMnO4 are discussed in Section 4.1.5.

Hydrogen peroxide is a relatively weak oxidizing agent.
According fg Schirmann and Delavarenne (1979), H305 is too
weak_;b oxidize aromatic compounds (dissolved in solution)
unless the compounds are ‘activated’ or unless activators
or catalysts are employed. Under neutral or acidic
conditions oxidation proceeds through electrophilic
addition of OH*, and electron donating substituents
éctivate an aromatic nucleus. That is, electron donating

groups help to stabilize the positive charge on a reaction

iy
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intermediate. With concentrated H;0, and a strong acid,
oxidation can proceed past the addition of hydroxyl groups
to the formation of quinones and even to ring opening.
Under basic conditions, hydroxyl groups may be introduced
through nucleophilic substitutions. As examples, aromatic
ketones and aldehydes may be_converted to the corresponding

phenols.

Oxidation of activated carbon with hydrogen peroxide
probably involves a number of reactions. The surface is
activated by virtue of the polynuclear aromatic structure,
and existing functional groups may be oxidizéd. In

addition, activated carbon catalyzes the decomposition of

H;05, and the adsorption characteristics of the products

are not well understood (Puri, 1970). It has been shown,:
however, that reaction of carbon blacks with 3 N H505
results in surface functional groups that evolve carbon
dioxide upon heating (Puri, 1966). Evolution of CO; is
thought to indicate carboxylic or lactone groups rather

than phenolic groups (Riven, 1963).

Four aqueous solutions containing H,0, were used to
oxidize samplés of Witco Columbia. The solutions contained
3 wt.% Hp0,, 3 wt.% Hy05 and 0.15 N HF, 3 wt.% H,05 and 0.9
N NaOH, and 30 wt.% H,0,_  Nagalene or other polymeric
yabware was used to prepare and to hold the solution
containing hydrogen fluoride. About 4 or 5 grams of carbon

were added to 200 ml of each of the solutions, and the



90

mixtures were agitated mildly for 1 day. The oxidized
carbons were then rinsed with water and subjected to the

pretreatment procedure described in Section 2.1.

Elemental analyses and initial and final weights of the
carbons are summarized in Table 4.4. Weight changes were
small for carbons treated with 3% H505 in basic, neutral,
or acidic solutions, although hydroéen fluoride created a
large amount of fines. As'expected, changes in the oxygen
contents of the treated carbons (as indicated by nonclosure
of the mass balances) are much more dramatic than changes
in other heterocatoms. Since there was not a source of
nitrogen during the oxidation, there is probably a small
amount- of nitrogen in untreated Columbia, and variations in
nitrogen contents of the éamples are probably negligible.
The reduced sulfur content (and the reduced surface area,
see Table 4.5) of the carbon oxidized with 30% H;05

probably reflects material losses due to gasification.

Surface areas of the carbons are listed in Table 4.5,
as are ratios of added oxygen to added elemental hydrogen.
The numerators and denominators of the ratios are in units
of moles/m2 so that the ratios indicate relative changes in
the surface densities of the elements. Tr2: ratios are very
close to unity for the carbons treated with 3% H;0, and
with 3% H,0, and NaOH. This fact suggests the addition of
phenolic groups without oxidation of functional groups

originally on the surface of Witco Columbia. The ratio is
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Tablc 4.4 Weight Changes and Elemental Analyses for Oxidized Columbia

Elemental Analyses (Wcight Percent)

) Initial Final
Oxidizing Weight  Weight
Solution (g) (g) C H N S Ash Total ok
None NA®" NA®® 93.70 0.18 0.0 3.3! 0.4 9759 241

3% H,0. & 5.100 5.099 63.07 0.23 0.06 3.12 03 9678 35.22
0.9N NaOH

3% HyO2 & 5.057 5.101 92.16 0.37 0.08 337 0.6 9658 542
0.15N HF
3% H20; 3.92] 3.861 88.67 042 0.17 3.02 09 93.18 6.82

30% H,0, 4.837 3.978 83.39 0.33 0.09 193 04 86.14 13.86

70% HNO3; ND*"* ND** 8565 0.18 0.65 241 0.1 88.99 11.0]
at 50oC

*Calculated by difference

**Not Applicable or Not Determined

Table 4.5 Surface Areas and Oxygen*/Hydrogen Ratios for Oxidized Columbia

Ny BET
Treatment . Surface Areas 20"
Solution ' {(m2/gdc) _ aH
None 900 coes
3% H,0, & 900 1.01
0.9N NaOH
3% Hy02 & . 930 0.32
0.15N HF ‘ »
3% H,0, 930 1.16
30% H,0, 830 4.44
70% HNO3, 835 42.2
at 50eC

*All oxygen values were determined by difference from elemental analyses.

**Ratio of added oxygen (mole/m2) to added elemental hydrogen (mole/m?2).
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much lower than 1 for the carbon treated with 3% H,05 and
HF, but the reasons for this are not apparent. The ratio
is greater than 4 to 1 forvthe carbon treated with 30%
H50,, indicating that surface functional groups were :

oxidized to forms containing little hydrogen.

Table 4.6 compares adsorption charaéteristics of these
treated carbons (along with another to be discussed) and
Witco Columbia. Equal surface areas (24 m2) of the carbons
were contacted with 15 ml of an aqueous solution 6.38 x
10-3 M in phenol. The contact time was 5 days, and the
témperature was 80°C. Two samples of each carbon were
used, and two trials (4 samples total) were run for
Columbia oxidized with 3% H30,, The second trial had
better temperature control and is probably more reliable
than the first. The second and third columns of Table 4.6
show that oxidation decreased the specific cépacity of
Columbia. The second column lists total adsorption for
each carbon, and the third column lists differehces between
the total adsorption amounts for the treated and untreated
carbons. The next two columns show that there are even
greater decreases in the amounts of irreversible
adsorption. The fifth column lists ﬁhe differences between
the values for the treated and the untreated carbons. The
.1ast column shows that the oxidized carbons are

percent-wise more regenerable than untreated Columbia.



Table 4.6 Comparative Regenerability of Columbia and Oxidized Columbia

Adsorption (vmole/m?2)

Oxidizing Percent
Solution Total 4 Total Irrev.” 4 Irrev.® Regeneration
None 2.51 +.03 o 1.62 + .04 .- 357+ 1.2
3% H,0, & 2.39 + .06 -0.12 1.44 + 01 -0.18 397 + 1.0
0.9N NaOH .
3% H,0, & 2.23 + .03 -0.28 1.24 + .00 -0.38 443 + 0.6
0.15N HF
. 3% H,0.
Trial 1 2.21 + .02 -0.30 1.27 + .04 -0.35 42.8 + 0.9
Trial 2 2.03 + .02 -0.48 1.04 + .02 -0.58 48.6 + 1.1
30% H,0, 1.40 + .02 -1.11 0.27 + .01 -1.35 809 + 0.6
70% HNO3 1.77 + .05 -0.74 0.36 + .05 -1.26 79.7 + 2.7
at 500C '

*Irreversible
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The adsorption results for thé carbons oxidized with
hydrogen peroxide are revealing. The greater the amount of
oxygen added to the surface, the lower the specific
capacity and the more regenerable the carbon. Further, the
primary influence of oxidation is on the irreversible
portion of the adsorption; total and irreversible
édsorption decrease by similar amounts5. The functional
groups (or surface complexes) added to the carbons do not
promote chemical reactions involving phenol. In‘fact,
these results indicate that phenolic groups and carbonyl
groups (quinones) are not reactive, although the chemical

characterization of these groups was not definitive.

Witco Columbia was also oxidized with 70% nitric acid.
Several grams of carbon were immersed in acid in a round
bottom flask and the mixture was heated to ca. 50°C for -
three hours. The oxidation appeared much more vigorous
than it appeared for the mixtures containing hydrogen
peroxide. The oxidized carbon was rinsed several times
with water and then subjected to the pretreatment procedure

described in Section 2.1.

Carboxylic acid and carbonyl groups should form on the

surface of Columbia during treatment with nitric acid.

5 When comparing uptakes on different adsorbents, note that
the driving force for physisorption is higher when the
total uptake is lower. This is because, the higher the
uptake, the lower the concentration of solute in bulk
solution. This fact favors smaller decreases in total
adsorption than in irreversible adsorption.
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This éontention is supported by the work of Munson (1985)
as discussed in Section 4.1.3.3. Munson oxidized Columbia
with HNO3 for 3 hours at 50°C, but did not follow the
oxidation procedure with Soxhlet extractions. An FTIR
spectrum showed peaks corresponding to carboxylic acid
and/or dicarboxylic acid groups, and Munson argued that
some of the surface oxygen was also in the form of
carbonyls or ethers. The formation of carboxylic and
dicarboxylic acid groups on carbon is consistent with
solution-phase reactions in which nitric acid cleaves
aromatic rings (Cotton and Wilkiﬁson, 1980). The formation
of carbonyl (actually quinone) groups is supported by the

work of Reiss and Donnet (1964) with carbon blacks.

Nitric acid may influence the surface chemistry of
carbons in other ways. In particular, Puri and coworkers
(1964, 1966, 1970 and others) have argued that a
chemisorbed "CO;-complex" forms on carbon blacks and on
charcoal when they are oxidized with concentrated HNOj.
Such a complex would contribute to surface acidity as
measured by titration with strong base, but would not
contribute to the hydrogen content of a carbon. In
contrast, Garten and Weiss (1957a) have argued that nitric

acid oxidation promotes lactones on carbon surfaces.

Elemental analyses and the nitrogen BET surface area
for Columbia treated with HNO3 are summarized in Tables 4.4

and 4.5. Initial and final weights were not determined
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because some of the material was losﬁ as fines, but
oxidation was vigorous and some of the carbon was gasifiéa;
The elemental analyses show that a large amount of oxygen
and a small amount of nitrogen were added to the surface.
The'strong acid treatment reduced the sulfur ;nd ash
contents of the carbon, and the surface area decreased by

about 7%. There was a small increase (ca. 8%) in the

surface density of elemental hydrogen.

The elemental analyses provide clues about the surface
functionality, but they are not sufficient to determine the
nature of the added oxygen. The ratio of added oxygen to
added hydrogen indicates that most of the oxygen is present
in forms that do not contain hydrogen. Carbonyl groups,
lactones, and CO;-complexes are all possible forms of the

added oxygen.

Batch adsorption/regeneration runs were carried out for
two samples of HNOj-oxidized Columbia. The contact
conditions were the same as those used for the carbons
treated with H;0;, The results are summarized in Table 4.6
and are consistent with several trends already noted. 1In
particular, total and irreversible adsorption both
decreased, and the amounts were between those for Columbia
treated with 3% H;0, and for Columbia treated with 30%
H;05, These results are consistent with the relative
oxygen contents of the carbons. Oxidation with nitric acid.

added functional groups to the surface, but the groups did
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not promote irreversible adsorption. Rather, Columbia
treated with HNO; is far more regenerable than the parent

carbon.

4.1.4.4 Carbons Treated by Other Methods

Three additional treatment methods were used to alter
the surface functionality of Columbia carbon. One sample
was reduced with LiAlH4 6 another was oxidized with nitric
acid and then contacted with ammonia at 600°C, and a third
was contacted with sulfur dioxide at 510°C. The surface
chemistries and the tendencies of the treated carbons to

adsorb irreversibly varied greatly.

Lithium aluminum hydride reduces surface functional
groups on carbons as discussed in Section 4.1.3.2. A 5
gram sample of 20x40 mesh (pretreated) Columbia was
immersed in 100 ml of a freshly prepared solution of LiAlH4
(5 g) in diglyme (100 ml) for ca. 4 hours. The reacted
carbon was rinsed with diglyme and then with water: The
carbon was subjected to Soxhlet extractions with methanol

and with water and then dried.

Elemental analyses of the reduced and the parent
carbons are listed in Table 4.7. The reduced carbon has
higher weight fractions of hydrogen and of ash than did the
parent carbon. Presumably, the additional ash is due to
lithium and/or aluminum (perhaps in the form of an

insoluble ether complex). Aluminum in the form of hydrides
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Table 4.7 Elemental Analyses for Columbia Treated in Various Ways

Weight Percent

Treatment C H N s - Ash Total O-

None 93.70 0.18 0.0 3.31 0.4 97.59 2.41
LiAIH, 88.93 0.43 0.09 3.09 2. 95.34 4.66
HNO; & 67.92 0.57 0.58 1.05 0.10 70.22 29.78
NHs at

600°C

SO, at 89.20 0.0 0.0 7.23 0.8 97.23 2.77
510°C

*Calculated by difference
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would increase the weight percent of hydrogen. The FTIR
spectrum of Columbia indicated the presence of carbonyl
groups (see Section 4.1.3.3). The hydrogen content of
Columbia would be increased by reduction of carbonyl groups

to phenolic groups.

The elemental analyses also indicate increases in
nitrogen and oxygen. As stated in the previous section
(4.1.4.3) small variations in the nitrogen weight percent
are judged to be insignificant. The reasons for the

increased oxygen content are not apparent.

Reduction of Columbia with LiAlH4 did not change the
specific surface area. Nitrogen BET surface areas for the

two carbons are included in Table 4.8.

Table 4.9 shows the results of batch
adsorption/regeneration tests for the reduced and the
parent carbons. The experimental conditions for all tests
in Table 4.9 were those described in connection with Table
4.6. The carbon loadings (total adsorption) for Columbia
and the reduced carbon are virtually identical, but the
reduced carbon is more regenerable. Qualitatively, the
increase in regenerability is in line with the increased
oxygen content of the surface. That is, the reduced carbon
follows the trend observed for oxidized carbons. The
quantity, rather than the identity, of the functional
groups seems to have the most influence on the

reversibility of phenol adsorption.



Table 4.8 Surface Areas for Columbia Treated in Various Ways

Ny BET Surface Areas

Treatment (m2/gdc)
None 900
LiAlH4 900
HNO; & NHj at 280
600°C
SO, at 510°C 500

100

Table 4.9 Comparative Regenerability of Columbia Treated in Various Ways

Adsorption (vmole/m?2)

Percent
Treatment Total 4 Total Irrev.” 4 lIrrev.® Regeneration
None 2.51 +.03 —e=- 1.62 + .04 —ee- 357+ 1.2
LiAlH, 2.52 + .04 0.01 1.47 + .01 -0.15 414 + 0.3
HNO3; & NH; 1.16 + .06 -1.35 0.40 + .05 -1.22 653 + 24
at 600°C
SO, at 510C 2.38 + .06 -0.13 1.26 + .03 -0.36 47.1 + 0.1

“Irreversible
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Another sample of Columbia was oxidized with
concentrated nitric acid and then reacted with ammonia at
' 600°C. The treatment was carried out by Dr. Yue Kuo, a
former member of our Berkeley research group. The contact
with nitric acid was at 50°C for several hours, and the
carbon was washed thoroughly before it was contacted with
ammonia (Garcia, 1987). The oxidized carbon was reacted
with émmonia for approximately 10 hours at 600°C. The
carbon was exposed to the étmosphere during Dr. Kuo’s work
and then was stored in a sealed flask for approximately 4
'yeérs. The carbon was ground and seived to 20x40 mesh and
then subjected to the pretreatment procedure described in

Section 2.1.

Elemental analyses for this carbon are summarized in
Table 4.7. A relatively small amount of nitrogen was
introduced to Columbia, probably in the form of basic
functional groups (i.e. immines, amides, and/or nitriles;
Kuo, 1983). The oxygen content is very high, and oxygen
containing functional groups should dominate the surface
chemistry of the treated carbon. Significant amounts of
hydrogen were added to the parent carbon, and sulfur and

ash were lost.

The surface area of the HNO3/NH; treated carbon is very
low, as shown in Table 4.8. Extensive oxidation probably

widened (and eliminated) many of the micropores.
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Batch adsorption/regeneration trials were conducted
with two samples of this carbon in the same manner as for
the other treated carbons. The results are included in
Table 4.9 and show that total and irreversible adsorption
of phenol were much lower than for carbons with lower
oxygen contents. The very hydrophilic surface had
relatively little affinity for phenol and in this case,
total adsorption decreased by slightly more than did
irreversible adsorption. The treated carbon was more
regenerable than the parent carbon, but not as regenerable
as the carbon treated with nitric acid alone. This fact
indicates that the nature as well as the abundance of

functional groups influences irreversible adsorption.

Columbia was also treated with sulfur dioxide at 510°cC.
The treatment procedure was carried out by Dr. Tony Garcia
and is detailed in his Ph.D. dissertation (Garcia, 1988).
After reaction with soé for 9 hours, the modified carbon
was cooled in a flow of helium. The carbon was then

exposed to the atmosphere for approximately nine months.

Garcia found that Columbia treated in a similar way
developed sulfur-oxide functional groups of unknown
identity, but retained much of its original hydrophobic
surface area. He also contended that at least some of the

sulfur-oxygen groups were strong Brdénstead acids.
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Results of elemental‘analyses for the SO, treated
carbon appear in Table 4.7. There is a substantial
increase in the sulfur content of the carbon, but not in
the oxygen content. It is likely, however, that much of
the oxygen present on Columbia was removed at 510°C, and
that oxygen on the treated carbon is combined with éulfur
'in various groups (Garcia, 1987). The treated carbon has a
very low hydrogen content, which suggests the absence of
Bronstead acidity. This carbon (and those discussed by

Garcia (1988)) may have substantial Lewis acidity, however.

Table 4.9 show that the SO, treated carbon has less
tendency to sorb phenol irreversibly than did the parent ’
carbon. Considering the dramatic changes in surface
chemistry, however, tﬁe changes in adsorption amounts are

small.

The three treatment procedures discussed in this
section developed widely different surface chemistries on
the same parent carbon. The treated carbons had very
different tendencies to sorb phenol irreversibly, but the
differences were probably due more to the abundance than to

the nature of the surface functional groups.

4.1.4.5 Functional Groups on Polyme~ic Resins

Many polymeric adsorbents containing particular
functional groups are marketed. These resins are generally

well characterized, making their interactions with sorbates
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easier to interpret. Monitoring the reversibility of
adsorption of phenolic compounds on such resins may help to
define the role of individual functional groups in

promoting irreversible adsorption on activated carbon.

Several investigators have used one or more
fd;Etionalized polymers to remove phenoclic compounds from
water (e.g. Wojaczynska et. al, 1984; Fafrier et. al, 1979;
Kim et. al, 1976; and Chasanov et. al, 1956), but
relatively few have tested the reversibility of adsorption.
Most studies that report.regeneration results are concerned
with anion exchangers and indicate that sorption of
phenolic compounds was reversible for the conditions tested
(Anderson and Hansen, 1955; Goto et al, 1986; Chanda et.
al, 1985; and Polio and Kunin, 1967)6. These studies,
taken together, suggest that nitrogen containing groups
such as amines (primary through quaternary),

4-vinylpyridine, and benzimidazole do not promote

irreversibilities, but confirmation is needed.

Three resins with oxygen containing functional groups,
XAD-7, IRC-50, and S-761 (Rohm and Haas Co.), were tested
for reversibility of phenol adsorption in this work.

Adsorption uptakes and degrees of regeneration were

6 Regenerations were not always carried out to the fullest
possible extent in these studies and in some cases it is
possible that caustic regenerant oxidized some of the
sorbate.
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established in the manner detailed in Section 4.1.4.1. The
scintillation vials were maintained at 80°C and were not

agitated during the adsorption contacts.

XAD-7 is an acrylic ester-divinylbenzene copolymer.
The resin is usually classified as ‘non-functionalized’
because it does not contain ionizable groups. The polymer
matrix contains ester groups, however, énd these could
interact strongly with phenol molecules. The pi-bonded
oxygen is a weaker Lewis base than is a carbonyl oxygen,
but could form a charge transfer complex with phenol, for

example.

Figure 4.4 shows adsorption and desorption isotherms
for phenol on XAD-7. The open circles represent total
uptakes, while the solid bars represent the amounts of
reversible adsorption. Symbols at the same phenol activity
correspond to the same trial. Total and reversible
adsorption amounts are within 5% of each other in every
trial, indicating completely reversible adsorption within
experimental error. The ester groups on XAD-7 did not

promote irreversibilities.

Crook et. al (1975) used XAD-7 to adsorb p-nitrophenol
from an agqueous solution of unspecified pH aﬁ 50°C. They
recovered 97% of tie p-nitrophenol with ethanol and found
no dicernable changes in the resin capacity over three
cycles. These results support the conclusion that XAD-7

sorbs phenolic compounds reversibly.
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XAD-7. Adsorption Contacts were for 5 Days at 80°C.
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IRC-50 is a weak cation exchange resin containing
carboxylic acid groups. The ion exchange capacity of the
dry resin is 10 meq/g or slightly higher (Rohm and Haas
Corp., 1977 and Waitz, 1987). The resin swelis appreciably
" in water, so there is not a well defined surface (or
surface area) for adsorption. The resin also swells in
acetone, facillitating transport of sorbate out of the

particles.

Table 4.10 shows sorption and regeneration results for
IRC-50. The uptake of phenol per gram dry resin is very
low, and the sorption is completely reversible. The
presence of carboxylic acid groups did not lead to

irreversible reaction of phenol molecules.

The sorbent S-761 is a highly poréus
phenol-formaldehyde resin containing phenolic hydroxyl and
methylol groups. The resin 1is highly crosslinked but can
swell as much as 25% by volume (iﬁ caustic, Diamond
Shamrock Corp., 1978) The matrix is susceptible to

oxidation, presumably of the phenoclic hydroxyl groups.

Sorption of phenol by S-761 at 80°C was highly
irreversible. Figure 4.5 shows curves for total,
reversible, and irreversible sorption. These results, in
contrast to those reported for oxidized carbons, suggest

that phenolic groups participate in irreversible reactions
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Table 4.10 Removal of Phenol from IRC-50

Aqueous Phase

Total Adsorption” Phenol activity Percent
(vmole/g) (mole fraction) Regeneration®”
13.07 0.0046 _ 99.0
13.33 0.0045 100.5
10.16 0.0040 105.8
10.08 0.0040 105.5

*Adsorption from water after 5 days of contact at 80°C.

**Regeneration was accomplished with Acetone.
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with phenol molecules. Phenolic compounds can couple
irreversibly through an oxidation mechanism, as will be

discussed in Chapter 5.

- 4.1.5 Influence of Carbon Ash Contents on Irreversible

Adsorption

As mentioned in Section 4.1.2, Mahajan et al. (1980)
found decreased phenol uptakes for carbons with decreased
ash contents. Carbons treated with hydrochloric acid
adsorbed up to 25% Less phenol than did their parent
carbons, for 48 hour cohtacts at ambient temperature. No
attempt was made to regenerate the carbons, but it is
plausible that ash promoted irreversible adsorptionband
hence, higher uptakes. Consistently, Suzuki et al. (1978)
foundvthat thermal regeneration of phenol was less facile
from a carbon with a high ash content, than from a carbon
with less ash. Experimental results reported in this
section indicate that ash can promote irreversible
adsorption, but also that irreversible adsorption can occur

on carbonaceous materials of low ash contents.

In one experiment, sémples of Columbia carbon were
treated with aqueous solutions of potassium permanganate.
One sample was immersed in 0.32 M KMnO4 for 26 hours. The
liquid was decanted several times during the treatment
period, and was replaced each time by fresh solution. A

second sample was treated with a saturated solution of
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L
KMnO4 in the same manner. Both samples were extracted with

methanol and with water in a soxhlet apparatus and then

dried before further use.

Interactions of KMnO4 with carbonaceous materials are
not well understood (Puri, 1970). Banerjee et al. (1962)
found that alkaline and acidic soclutions of permanganate
reacted vigorously with coal, but did not produce carboxyl
groups (as do most s;rong oxidiziné solutions). The
investigators did not identify the oxidation products.
Garten and Weiss (1957b) suggested that’permangante may
form form lactones on carbons, but did not confirm this
hypothesis. In this work, no attempt was made to identify
the functional groups formed on Columbia through the action

of KMHO,4 o

Table 4.11 shows elemental analyses»for COlumbié and
for the samples treated with KMnO4. Included are analyses
for potassium and ménganése as elements in the ash. The
ash contents of the treated samples are far greater than
that of Columbia, due in large part to residual manganese.
Oxygen present as stable oxides of mahganese would
contribute to the measured ash, énd probably accounts for
much>of the ash in the treated samples. Oxidation of the
carbon surfaces is refiected in increased oxygen contents
of the treated sémples. Thé values for oxygen are
calculated by difference and do not account for oxygen in

the ash.



Table 4.11 Elemental Analysis of Columbia Treated with KMnQ,

Elemental Analyses (Weight Percent)

Treatment C H N S Ash  Toral o* K** Mn**
None 93.70 0.18 0.0 3.31 0.4 97.59 241 0.03 <0.01
0.32 M 77.83 0.28 0.07 169 12,5 9237 763 Q.79 6.64
KMnOy4

Saturated 6571 043 0.10 053 268 93,57 643 24| 14.2

KMnOy

*Determined by difference and not included in the total

**Component of ash.

112
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Nitrogen BET surface areas for the two treated'carbons
are listed in Table 4.12. The oxidative treatment lowered

the surface area of Columbia.

Batch adsorption/regeneration trials were run for the
KMnO,4 treated carbons according to the procedures described
in connection with Table 4.6. Table 4.13 summarizes the
results. The freated carbons adsorbed more phenol than did
Columbia, despite their higher oxygen contents. Increases
in irreversib;e adsorption were greater than increases in
total adsorption, and the regenerabilities of the treated
carbons were very low. These results show that.ash
containing a transition metal can promote irreversible.

adsorption.

Pretreated Columbia has a low ash content compared to
other vendor-supplied carbons (see Table 4.1). As shown in
Table 4.14, the ash contains virtually no manganese, but
does contain iron and small amounts of copper and cobalt.
Periodic Table row four elements are commonly present in
naturally occuring organic materials and therefore, should
be common to vendor-supplied carbons. These row 4 metals
- can act as catalysts and can participate in
oxidation-reduction reactions. Given these facts, it is
reasonable to suspect that ash in many carbons could

promote the irreversible adsorption of phenolic compounds.
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Table 4.12 Surface Areas for Columbia Treated with KMnO,

Table 4.13

N, BET Surface Areas

Treatment (m2/gdc)
None 900
032 M 830
KMnO4
Saturated 675
KMnO4

Comparative Regenerability of Columbia Treated with KMnOy in Various Ways

Adsorption (vmole/m?)

Percent
Treatment Total Total Irrev.® Irrev.* Regeneration
None 2.51 + .03 ——-- 1.62 + .04 -e-- 357+ 1.2
0.32 M KMnQ, 2.69 + .08 0.19 2.08 + .08 0.46 22.8 + 0.8
Saturated 2.81 +.12 0.30 2,38 + .05 0.76 153+ 1.8
KMnO4
*Irreversible

Table 4.14 Ash Composition of Witco Columbia

Element Weight Percent of
Columbia
Fe 0.159
Cr <0.01
Cu 0.013
Co 0.031
Mn <0.01
K 0.026
Na 0.195
Total 0.424
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While mineral ash can promote irreversibilites,
irreversible adsorption also occurs on materials with
little or no ash. An example is S-761, the
phenol—formaldehyde.resin discussed in Section 4.1.4.5.
Two further examples are Rohm and Haas Ambersorbs XE-340
and XE-348, carbonaceous adsorbents that have been used to
remove phenclics from water (Chang and Savage, 1981;

Mahajan et al., 1980; and Polysciences Inc., 1986).

XE-340 and XE-348 are pyrolized polymeric adsorbents.
They are derived from a polystyrene-divinylbenzene
copolymer that is sulfonated and then pyrolyzed to create a
carbonaceous residue (Neeley, 1977, 1981). XE-348 is
pyrolyzed to a greater extent than is XE-340 and
consequently, has a much higher skeletal density (1.95 vs

1.34 g/cm3, Polysciences Inc., 1986).

Elemental analyses for XE-340 and XE-348 are given in
Table 4.15. Neither adsorbent contains a significant
amount of ash. XE-348 has higher carbon to hydrogen and
sulfur to oxygen ratios than does XE-340, again reflecting
a gréter extent of pyrolysis. Sulfur should be in a lower
oxidation state in XE-348 than in XE-340 (see also Neeley,

1981) .

Table 4.16 shows the results of adsorption/regeneration
trials carried out in the usual way. XE-340 is hydrophobic
and was prewet by contact with methancl, followed by water

washing. XE-348 adsorbed much more phenol than did XE-340,
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Table 4.15 Elemental Analysis of XE-340 and XE-348"

Elemental Analyses (Weight Percent)

Adsorbent C H N S O Ash Total
XE-340 8797 370 0.17 3.67 211 «<0.1 97.72
XE-348 9332 067 0.13 371 0.68 0.1 98.61

"(Munson, 1985)

Table 4.16 Comparative Regenerability of XE-340 and XE-348

Adsorption («mole/m?)

Percent
Adsorbent Total Irrev.” Regeneration
XE-340 1.48 + .07 0.23 + .00 84.4 + 0.6
XE-348 3.34 + .04 2.46 + .01 26.2 + 1.1

*Irreversible
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but the difference was due to irreversible adsorption. The
reason for the lower regenerability of XE-348 is not
apparent (see also Section 4.1.6), but it cannot be

attributed to reactions with ash.

In summary, ash containing manganese promoted
irreversible adsorption of phenol, and it is reasonable to
suspect that other transition metals in’ash.could have the
same effect. Irreversible adsorption can occur in the

absence of such metals, however.

4.1.6 Influence of Unpaired Electrons on Irreversible

Adsorption

Unpaired electrons form in activated carbons as a
result of carbonization of organic materials (Ingram et
al., 1954; Ingram, 1955). These electrons are thought to
be localized at the edges of graphitic layers or at defects
within the iayers, ahd they are thought to be very reactive
(Coughlin and Tan, 1968; Puri, 1970). Reactions of
unpaired electrons with heterocatoms result in surface
functional groups, and it is therefore thought that
unpaired electrons play a role in chemisorption (Coughlin
and Tan, 1968; Puri, 1970). It seems reasonable to
postulate, therefore, that irreversible adsorptirn of
‘phenolic compounds could be due to chemical reactions
involving unpaired electrons. This postulate is

scrutiniuzed in this section.
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Magne and Walker (1986) found that a portion of the
phencl adsorbed onto various activated carbons could not be
recovered as phenol. They suggested that phenol was
chemisqrbed onto sites of the "active surface areas" of the
carboﬁéa These sites were defined as carbon atoms at the
edges of basal planes. The investigators based their
suggestion on the observation that carbon oxidized with
02 (9) chemisorbed less phenol than did the parent carbon.
They did not propose a mechanism for the chemisorption, nor
did they mention unpaired electrons, but they did suggest
that treatment of carbon with 05(g) would occupy the active

surface area, thereby inhibiting chemisorption of phenol.

Harker et al. (1961) used electron paramagnetic
resonance (EPR) to study the effects of oxidation with
05 (g) on the concentration of unpaired electrons in
activated carbon. They found that the intensity of the EPR
signal for a carbon decreased due to a nonactivated
reaction with 0O5(g) at room temperature. The original
signal intensity was festored after the carbon was heated
under vacuum. The investigators also found that an
activated '"chemisorption" of oxygen occured at 400°C. The
EPR signal decreased as the reaction proceeded, and could
not be restored by heating the carbon urder vacuum. These
results, together with the observations of Magne and

Walker, are consistent with the postulate stated earlier.
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In contrast, further studies by Harker et al. (1966)
indicated that the number of unpaired electrons on a carbon
is not directly related to its reactivity with 05(g). The
investigators did find a relationship between the number of
'unpaired electrons and the ability of a carbon to adsorb
NO(g), however. The researchers suggested that nitric
oxide could act as an electron acceptor and form
charge-transfer complexes with unpaired electrons
delocalized (resonance stabalized) in basal planes. The
bonding would be weak and reversible. These results do not
preclude irreversible reactions of phénolic compounds with
unpaired electrons, but they do indicate that the eiectrons

need not be highly reactive.

There is also evidence that oxidation increases
unpaired electron concentrations. Antonowicz (1962, 1964)
found that unpaired electrons resulted from chemical attack
on carbons by O5(g) at ambient and at elevated
temperatures. Reiss and Donnet (1964) found that oxidation
of carbon blacks with nitric acid increased the number of
free radicals in arloxy-form. Considering the observations
that oxidation with 03(g) or with HNO3 increases the
regenerability of carbons (Magne and Walker, 1986 and
Section 4.1.4.2 of this work), *his is evidence against the

postulate being examined.
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" In this work, an experiment was carried out to
determine whether the relative concentrationé of free
electrons on adsorbents correlate with their relative _
tendencies to adsorb phenol irreversibly. The sorbents
tested were XAD-4, XE-340, and XE-348. Physiochemical
properties and adsorption characteristics of these solids

were discussed earlier (see Sections 4.1.1 and 4.1.5).

Concentrations of unpaired electrons were measured by
Dr. Paul Skerker’ using a Bruker ER200D-SRC EPR
spectrémeter. A microwave power of 10 or 11 4B, a
modulation amplitude of 1.0 G, and a scan range of 100 G
were used. An amorphous hydrogenated silicon standard was
used as a reference. The standard contained 5 x 1016
spins/cm3. Adsorbent samples were placed in glass NMR
tubes, and dried for 48 hrs under vacuum before the

analyses.

As discussed in Section 4.1.5, XE-348 is more
carbonized than is XE-340. Since carbonization can
generate-unpaired electrons, it might be expected that the
relative concentrations of these electrons follow the order
XE-348 > XE-340 > XAD-48. As shown in Table 4.17, EPR

measurements do not support that ordering. The

7 Dr. Skerker carried out EPR analyses in the Berkeley
Laboratory of Douglas Clark. Dr. Skerker received his Ph.
D. in Chemical Engineering at Cornell University in 1988.

8 XAD-4 is not carbonized, but was included in this
experiment because polystyrene-divinylbenzene is a
‘starting material’ for the production of XE-340 and
XE-348.
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Table 4.17 Unpaired Electrons and Comparative Regenerability of XAD-4,
XE-340, and XE-348

Adsorptio'n (umole/m?)

Unpaired
. Electrons Percent
Adsorbent spin/m?2 Total  Irrev.” Regeneration
XAD-4 1.1x102 0.68 +.04  0.00 + .01 100 + 0.8
XE-340 ' 5.0x106 148 + .07 = 0.23 + .00 84.4 + 0.6

XE-348 7.6x103 3.34 + .04 2.46 + .01 262 + 1.1

*Irreversible
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concentration of unpaired electrons in XE-340 is three
order of magnitude greater than that in XE-348, and four
orders of magnitude higher than that in XAD-4. Harker and
cowbrkers (1961, 1966) found maxima in curves of unpaired
electron concentration vs. carbonizing temperature or vs.
weight percent carbon for coals and charcoals, so a.
decrease in concentration with increased carbonization is

not unreasonable.

Table 4.17 also shows the results of batch
adsorption/regeneration trials for the three adsorbents.
The tendency to adsorb phencl irreversibly increases with
degree of carbonization, but does not correlate with
unpai:ed electron concentrations. These facts indicate
that irreversible adsorption of phenol is not caused

primarily by unpaired electrons in the adsorbent materials.

4.2 Influences of Sorbate Properties on Irreversible

Adsorption

Irreversible adsorption of phenolics by carbon is due
to chemical reactions involving sorbate molecules.
Consequently, determination of the chemical properties that
influence irreversible uptakes affords insights into
potential reaction mechanisms. In this section, sorbate
reactivities are compared, where the term reactivity refers

to the tendency of a sorbate to undergo irreversible
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adsorption. Many of the comparisons are made at equal
solute activities, according to the discussion and the

activity coefficient values in Appendix 2.

4.2.1 Nonreactive Sorbates

Three compounds investigated in this work were
completely recovered from activated carbon. Regeneration
of carbons was accomplished according to the procedure
described in Section 4.1.4.1. Note that there was
irreversible adsorption of phenol onto the same carbons
under similar adsorption contact conditions (see Chapters 2

and 3 for F-100 and Section 4.1.4 for Columbia).

Adsorption of 5,5-dimethylhydantoin (5,5-dmh) from
water onto 20x40 mesh F-100 was fully reversible.
Adsorptioﬁ contacts were for 10 days at 25°C with
mechanical agitation. §5,5-Dmh loadings, corresponding
aqueous phase concentrations, and percent recoveries with
methanol are listed in Table 4.18. Regeneration was

complete to within 6% in each case.

Adsorption was also completely reversible for
nitrobenzene and for methoxybenzene (anisole) on Columbia
carbon. The adsorption conditions were those detailed in
" Section 4.1.4.1 except that a variety'of carbon weights,

and 20 ml aliquots of a variety of aqueous solutions were



Table 4.18 Removal of 5,5-Dimethylhydantoin From F-100 with Methanol

Aqueous Phase

Total Adsorption® 5,5-Dmh Concentration Percent
(umole/m?2) (mmole/I) Regeneration
0.730 3.22 97.4
0.638 2.08 94.3
0.539 1.45 94.3

*Adsorption from water after 10 days of contact at 25°C.
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used to establish the isotherms®. Carbon wéights varied
from 0.0027 to 0.034 g for the nitrobenzene trials and from
0.0027 to 0.27 g for the anisole trials. 1Initial solution
concentrations were < 7.35 x 10~3 M for nitrobenzene and <
9.22 x 103 M for anisole. Figures 4.6ab show the
adsorption and the regeneration results. Although there 1is
considerable scatter (particularly at high concentrations
of nitrobenzene), the data indicate that the benzenes were

fully recovered from Columbia.

There are plateaus in the ‘total adsorption’ isotherms
in Figures 4.6abl0. The uptakes in the plateau regions
indicate that each benzene molecule occupies between 0.41
and 0.45 square-nanometers of the éurface. This surface
area corresponds roughly to the area of a molecule oriented
parallel to the surface (Chang et al., 1980; Coughlin et
al., 1968). In this orientation, nonpolar forces acting
over the entire sorbate nucleus would be the dominant

interaction (Giles et al., 1960; Coughlin and Ezra, 1968).

These benzenes fall close to the border between Group
IT and Group III compounds in the plot of aromaticity vs.

boiling point developed by Suzuki, et al. (1978). This

9 These benzenes are quite volatile, and care was taken to
minimize vapor losses. Each aqueous phase was sampled by
puncturing a small hole in the cap of a vial and inserting
a syringe needle. Centrifuge times were kept as low as
possible for good phase separation.

10 The plateau for nitrobenzene is definite, but data at
higher activities are needed to ensure that anisole has
reached a plateau. Compare the activity scales in the
figures.
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fact, together with Figures 4.6ab, shows that the
correlation of Suzuki, et al., does not fully apply to the
definition of irreversible adsorption developed in this
work. It may be expected that compounds that can be
completely desorbed thermally can be completely desorbed
with acetone, but the converse may not apply. The
volatilities of sorbates are critical to the results of
thermal regenerations, but should not directly affect
solvent regenerations. Therefore, the boiling point of a
éorbate is not expected to influence its tendency to be

irreversibly adsorbed in the present work.

Aromaticity does influence irreversible adsorption, but
only under certain circumstances. Phenol is irreversibly
adsorbed, for example, under conditions where benzenes
and/or normal alcohols are notll, Neither the hydroxy
group on a normal alcochol nor the aromatic ring of a

benzene is reactive, but hydroxybenzenes are reactive.

4.2.2 Dihydroxybenzenes

Dihydroxybenzenes are even more reactive than phenol.
Figure 2.2b showed that resorcinol has more affinity for
Filtrasorb-100 than doces phenol, despite the fact that
resorcinol has a lower aqueous phase activity coefficient
(0.61 vs 63.53 at 25°C). Further, up to 61% of the

adsorption of hydroquinone onto Columbia was irreversible

11 See Table 1.2 and the accompanying discussion.
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~

for 5 day contacts at 25°C (see Section 4.3). Under
similar conditions, phenol should be much less reactive
(see Section 3.3.2 for example). These facts show that
hydroxyl groups enhance the reactivity of aromatic

sorbates.

4.2.3 Monohydroxybenzenes

Substituents to the aromatic rings of
monohydrdxybenéenes influence their tendencies to undergo
irreversiblé adsorption. Total and reversible uptakes onto
Columbia carbon were measured for several
monohydroxybenzenes. The adsorption conditions were those
detailed in Section 4.1.4.1, except that a variety of
carbon weights and a variety of single-solute aqueous
solutions were used to establish the adsorption curves.
Under these conditions, reaction kinetics may influence
adsorption amounts, but the curves give an indication of

the relative reactivities of the sorbates.

Figure 4.7 shows total, reversible, and irreversible
uptakes of phenol. . The data from trials carried out at a
number of different times are collected in the figure; and
the scatter reflects variations in "controlled"
experimental variables (e.Q., HPLC and GC calibrat_ons and

temperature control which improved in later trials).
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Initial solution concentrations of 1.28 x 1072, 6.38 x
10-3, and 6.27 x 10-3 M were used, and carbon weights

varied from 0.001 to 0.075 g.

Total, reversible, and irreversible adsorption of
phenol all increase with increasing activity of phenol in
solution. Reversible adsorption is higher at higher
activities, despite increased coverage of the surface by
irreversibly held sorbate. This is due to an increased
equilibrium driving force for physisorpﬁion, and perhaps to
the ability of phenol molecules to adsorb onto irreversibly
adsorbed molecules. Although it appears that all three
types of adsorption reach plateaus at higher activities, it
will be shown that much higher uptakes (all three types)

are achieved at still higher activities (see Section 4.3).

Figure 4.8 shows the results of adsorption/regeneration
trials with 2,4-dimethylphenol (2,4-dmp). The initial
solution concentration was 8.42 x 10-3 M, and the carbon
weights varied between 0.002 and 0.06 g. At a given
activity, there is somewhat more total and irreversible
adsorption, and some&hat less reversible adsorption of
2,4-dmp than of phenol. These facts indicate not only that
2,4-dmp is more reactive than phenol, but also that
irreversible adsorption decreases the capacity of Columbia

for reversible adsorption.
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Total, reversible, and.irreversible uptakes of
p-chlorophenol are illustrated in Figure 4.9. Initial
solution concentrations of 1.56 x 103 and 7.79 x 107¢ M
and carbon weights between 0.001 and 0.021 g were used to
establish the data. The adsorpticon amounts are similar td
those for 2,4-dimethylphenol over the same range of

activities.

Adsorption amounts for p-methoxyphenol (pmp) are shown
in Figure 4.10. The initial solution concentration was
6.45 x 103 M pmp} and carbon weights varied between 0.002
and 0.06 g. A slight yellow tinge developed in the aqueous
phases of trials with lower carbon weights aﬁd in a blank
trial (6.45 x 103 M pmp and no carbon). The concentration
change in the blank trial was negligible, so no adjustments

were made to the mass balances.

At correspondiné activities, total and irreversible
uptakes are greater and reversible uptakes are lower for
pmp than for phenol. These facts indicate that the
methoxy-group promotes irreversible adsorption. Since
methoxybenzene is not reactive, the methoxy-group itself is
probably not reactive. That is, it is reasonable to
speculate that the methoxy-group activates the phenol, but

does not participate directly in a chemical reaction.

The shapes of the three curves in -Figure 4.10 deserve
comment. The curves for total and irreversible adsorption

seem to have inflections at activity ca. 0.004), but the
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curve for reversible adsorption does not. Several
investigators have observed infléctions in isotherms for
adsorption of phenols onto carbons (Coughlin and Ezfa,
1968; Mattson et al., 1969; see also the discussion of this
topicﬁﬁy Mattson and Mark, 1971). Generally,.those
isotherms were established under conditions that should not
have led to large amounts of irreversible adsorption.
Correspondingly, the inflections were attributed to
reorientation of weakly adsorbed molecules. The absence of
an inflection in the curve for reversible adsorption in
Figure 4.10 is inconsiétent with that interpretation. The
inflection in the curve for total adsorption may possibly
be due to experimental inaccuracies, and the inflection in
the curve for irreversible adsorption would then arise

. because the irreversible uptakes were calculated by

difference.

More significant are the magnitudes of total and
irreversible adsorption at the highest activities in Figure
4.10. The uptakes are greater than the plateau values in
Figures 4.6ab, which can be explained by one or more of the
following: First, sorbed p-methoxyphenol molecules may be
oriented perpendicular to the surface, so that they take up
less area than the substituted benzenes (assumed to lie
ﬁlat on the surface). Second, irreversibly adsorbed

molecules may occupy less area than do molecules that are
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reversibly adsorbed. Third, multiple adsorbed layers could
form. In any case, interactions between adsorbed molecules

are important at relativly high activities.

Results for adsorption/regeneration trials with
p~hydroxybenzaldehyde (phb) are summarized in Figure 4.11.
Initial solution concentrations of 9.84 x 10-3 and 4.92 x
10-3 M were used in the adsorption trials, as were carbon
weights from 0.012 to 0.06 g. p-Hydroxybenzaldehyde has

much less tendency to adsorb irreversibly than does phenol.

Surprisingly, there is less total adsorption of
p—hydrobeenzaldehyde than of anisole at a given solute
activity. This is probably due to inaccurate estimation of
one or both of the infinite dilution activity coefficients.
The activity coefficient for phb is especially suspect
because it is based solely on thebsolubility at 30.5°9C (see
Appendix 2). For equal solute activities, there should
probably be slightly more total adsorption of phb than of
anisole, because the former undergoes irreversible as well

as reversible adsorption.

The results for p-nitrophenol (pnp) are in line with
this reasoning. p-=Nitrophenol also has little tendency to
adsorbbirreversibly, as shown in Figure 4.12. Initial
solution concentrations of 2.16 x 10~2, 1.08 x 10~2, and
4.32 x 10~3 M pnp and carbon weights of 0.004 to 0.12 g
were used in the adsorption trials. Comparison of Figures

4.10 and 4.6a shows that at a given activity, slightly more
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pnp than anisole is adsorbed. This is consistent with
observations made earlier which indicate that irreversible
adsorption increases the total capacity of a carbon in a.

single adsorption contact (see Section 4.1.4.3).

4.2.4 Aniline

Aniline also undergoes irreversible adsorption onto
Columbia carbon, as is shown in Figure 4.13. The trials
represented in the figure were carried out in the same
manner as were those for monohydroxybenéenes. Initial
solution concentrations of 2.20 x 1072 M and 1.10 x 1072 M
and carbon weights between 0.008 and 0.05 g were used.
Although ammonia may react with activated carbon (Mahajan -
et al, 1978), it is reasonable to postulate that the
mechanism for ir;eversible adsorption is similar for
aniline and for hydroxybenzenes. Indirect evidence for
this postulate is given in Chapter 5. Comparison of Figure
4.13 with Figures 4.7, 4.11, and 4.12 indicates that
aniline is less reactive than phenol, but more reactive

than p-hydroxybenzaldehyde and p-nitrophenol.

4.2.5 A Relative Ordering of Reactivities

As indicated in the discussion of Figures 4.6ab through
4.13, the substituted benzenes have markedly different
reactivities as sorbates on activated carbon. Since the
reaction mechanisms are unknown, however, and since several

physiochemical processes occur during adsorption, the data
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collected cannot be used to establish fundamental
thermodynamic or kinetic parameters. The data can be used
to establish a relative ordering of reactivities though,
andﬁEhis ordering may help indicate physiochemical

properties that influence reactivities.

Two methods of comparing amounts of adsorption were
used to establish an ordering. The first was to compare
amounts of irreversible adsorption at one or more fixed
values of activity, and the second was to compare amounts
of irreversible adsorption at a fixed amount of total
adsorption. The relative merits and liabilitiies of these

methods are discussed below.

A qualitative ordering of reactivities was established
by comparing amounts of irreversible adsorption over common
ranges of activities. That is, if over a range of
activities there is more irreversiblé adsorption of
compound A than compound B, then compound A is designated
as more reactive. This criterion leads to the ordering:
p-methoxyphenol > 2,4-dimethylphenol = p-chlorophenol >
phenol > aniline > p-nitrophenol = p-hydroxybenzaldehyde >

nitrobenzene = anisole.

The ordering can be made semiquantitative by comparing
the amounts of irreversible adsorption at a single value of
the solute activity. This method has the virtue that
differences in amounts of adsorption of solutes at the same

activity can be attributed to differences in surface
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interactions alone (see Appendix 2). A problem is that
there are many types of surface interactions and, for each
solute, the relative importance of various interactions may
vary with activity. This means that the choice of an
activity value affects the resulting scale. Another
problem is that the activity coefficients may not be known

with adequate precision (see Appendix 2).

Table 4.19 lists amounts of irreversible adsorption for
various compounds at an activity of 0.002. The choice of
this value is arbitrary except for the fact that data are
available near that activity for most of the adsorbates.
These data were interpolated and/or smoothed to determine

the numbers in the table.

A second method of ordering reactivities is to compare
amounts of irreversible adsorption at one or more fixed
values of the total adsorption. This approach has the
virtue that the same number of solute molecules are on the
carbon surfaces when the amounts of irreversble adsorption
are comparedl2, Further, inaccuracies in the estimation of
activity coefficients do not affect the results. A
drawback is that there are different solute activities and
hence, different driving forces for physisorption at the

points of comparison.

12 Presumably the extents of the reactions causing
irreversible adsorption depend on the surface
concentrations of sorbate.
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Table 4.19 Properties of Substituted Benzenes

Reactivity Reactivity Boiling point
Compound I* nm** (eC)*** pK,™""
p-Methoxyphenol 2.98 2.66 243 10.20
2,4-Dimethylphenol 2.19 2.03 210-212 10.58
p-Chlorophenol 2.36 1.97 220 9.43
Phenol 1.70 1.74-2.03 181.8 9.92
Aniline NA 0.64 184.4 NA
p-Hydroxybenzaldehyde 0.20 0.25 Sublimes 7.62
p-Nitrophenol 0.20 0.25 279 7.15
Anisole 0 0 153.8 NA
Nitrobenzene 0 0 210.8 NA

*Estimated amount of irreversible adsorption at solute activity = 0.002 (mole
fraction).

“*Estimated amount of irreversible adsorption at total adsorption = 3.0 xmole/m?

***Values from Dean (1985).
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Table 4.19 also lists estimated amounts of irreversible
adsorption for sorbates at a total uptake of 3.0
micromole/m2. This uptake was chosen because data were
available near that value. The surface coverage is on the
order of 75%, based on the plateau values for (reversible)
adsorption of nitrobenzene and methoxybenzene. The values»
for irreversible adsorpﬁion follow the qualitative ordering

established earlier.

Included in Table 4.19 are the boiling points and acid
ionization constants of the sorbates. As expected, boiling
points do not correlate with reactivity. There is a rough
correlation between pK, values and reactivities however. 2
tentative explanation for this trend is given in Section

4.4 and in Chapter 5.

4.3 Influences of Activity and Surface Coverage on

Irreversible Adsorption

4.3.1 Variations with Solute Activity

The data presented in Section 4.2 showed that at
less-than-monolayer coverages, irreversible adsorption of
phenolics increases (or at least stays level) with
increasing solute activity. The results of two experiﬁents
in which irreversible adsorption decreased with increasing

solute activity are discussed in this section.
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Figure 4.14 shows total, reversible, and irreversible
uptakes of phenol onto Columbia carbon. The adsorption and
desorption conditions were the same aé those used to
establish Figure 4.7 except for the initial phenol
concentrations (6.38 x 10~3, 6.38 x 10~2, 1.06 x 10~1, 3.19
x 10~1, and 6.38 x 10~1 M) and carbon weights (0.027 to
0.326 g). The highest solute mole fraction at the end of a
trial was 0.0097, and an infinite dilution activity

coefficient was used to estimate activity values.

A striking feature of Figure 4.14 is the internal
maximum in the curve for irreversible adsorption. At
solute activities below that of the maximum, irreversible
adsorption increases with increasing reversible and total
adsorption. This fact is consistent with a dependence of
the extent of reactionl3 on surface concentrations. At
solute activities above that of the maximum, there is a
relatively slow decline in irreversible adsorption to a
value near zero. The phenomena impeding irreversible
adsorption are not apparent, but it is possible to

rationa;ize the trend.

As mentioned in Section 4.2, several investigators have
postulated that as activity increases, physisorbed
molecules reorient themselves on a carbon surface. The

presumed orientations are flat on the surface and

13 Again, the extent of reaction may depend on kinetic as
well as thermodynamic factors in these experiments.
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perpendicular to the surface at lower and higher
activities, respectively. It is possible that phenol is
reactive in only the former orientation. This would be_
consistent with the conclusion reached in Section 4.1.1
that activated carbon participates in the reactions causing

irreversibilities.

If the suppositions statedvin the last paragraph are
true, the dynamics and equilibria of physisorption should
greatly influence irreversible uptakes. Early in an
adsorption trial and at any time when the solute activity
in a carbon pore was low, irreversible reactions would
proceed. At sufficiently high solute activities and
sufficiently long equilibration times, all physisorbed
molecules would be perpendicular to the surface and
nonreactive. Thus, mass transfer resistances as well as
equilibrium driving forces would influence irreversible
uptakes, and an internal maximum in the irreversible

adsorption curve would be possible.

The curve for reversible adsorption increases
monotonically in Figure 4.14. There is no inflection or
discontinuity apparent to indicate reorientation of sorbate
molecules, but this may be due to the paucity of data. At‘
the highest activity represented, each reversibly sorbed
molecule occupies 0.34 nm2 on the average, which is less

than the area expected for a flat orientation (> 0.40 nn2) .
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Thus, the orientations of reversibly adsorbed molecules are
probably different at relatively high and low solute
activities.

Combination of the curves for irreversible and
reversible adsorption yields the total adsorption curve. -
At the internal maximum and on the average, a sorbate
molecule occupies 0.28 nm2 of the original surface. The
molecules cannot all be lying flat in a single layer. The
molecules could be adsorbed in multiple layers, in a
perpendicular orientation, and/or in a condensed layer of
coupled molecules. In any event, irreversible adsorption'

can lead to substantial increases in total uptakes.

Figure 4.15 shows adsorption curves for hydroquinone at
250C. Hydroquinone oxidizes readily in neutral pH aqueous
solution, and>precautions were taken to minimize the amount
of oxidation. Hydroquinone solutions of 5.73 x 1073, 2.86
x 102, 5.73 x 10~2, 2.86 x 10~1, and 5.73 x 10~1 M were
prepared with watef that had been sparged with nitrogen,
and trials were initiated under a nitrogen atmosphere.

Dark brown vials were used to shield the mixtures from

light. cCarbon weights varied between 0.027 and 0.50 g.

Even at 259C, irreversible adsorption was facile at low
activities. Comparison of Figures 4.15 and 4.7 shows that

at activities less than 0.005, irreversible uptakes of
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phenol at 80°C and of hydroquinone at 25°C are comparable.
Since the reaction rates should increase with temperature,

hydroquinone is probably much more reactive than phenol.

The shapes of the corresponding curves in Figures 4.14
and 4.15 are very similar. Further, the maximum
irreversible uptakes occur at comparable values of
reversible adsorption. These facts are consistent with the
postulated role of physisorption eéuilibria in determinihg

irreversible uptakes.

4.3.2 Repetitive Loading and Regeneration

Repetitive cycles of phenol adsorption and desorption
were carried out with 20x40 mesh Filtrasorb-100 carbon that
had been exposed to the atmosphere for approximately 10
weeks. In each cycle, between 1.8 and 2.0 liter of a 6.38
x 10-3 M solution of phenol in water was contacted with a
sample of the carbon in a 2 liter erlenmeyer flask. The
vessel was maintained at 80°C without agitation. After 5
days the mixture was vacuum filtered, and the carbon was
contacted with acetone in batch desorﬁtion steps. The
carbon was then washed with water in several batch contacts
until no acetone could be detected after at least 10 hours
of contact. The carbon was vacuum filtered and a small
portion was removed immediately prior to the next

adsorption contact.
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Table 4.20 shows total, reversible, and irreversible
uptakes, and the final concentration of phenol in the
aqueous phase for each of 3 cycles. The adsorption amounts
are reported on the bésis of the initial dry carbon weight
(4.0 g), less the‘dry weight of carbon removed during
previous cycles. Sorbate that was not removed during
regeneration would add to the carbon weight, but was not

accounted for.

The total and irreversible uptakes reported for the
first cycle are lower than those reported for F-100 in
Table 4.314., The same initial solution concentration and
the same ratio of liquid to solid (ml/gdc) were used in
both tests. Presumably, F-100 was oxidized during exposure
to atmospheric oxygen and was rendered less reactive in the
repetitive regeneration experiment. Mattson and Mark_'
(1971) discuss studies on "atmospheric aging" of carbons
and conclude that acidic surface oxides form.
Filtrasorb-100 was not recharacterized after the 10 week
exposﬁre, so it is not known if the oxygen or active

hydrogen contents increased with aging.

The irreversible uptakes reported in Table 4.20
decreased with successive cycles, but there was still a
significant amount in the third cycle. These facts

indicate that the surface reactivity is only mildly

14 A surface area of 800 m2/gdc was used to calculate the
values in Table 4.3
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Table 4.20 Repetitive Adsorption and Regeneration Trials®

Adsorption (mmole/gdc)**

Final Phenol Concentration

Cycle
Number Total Reversible Irr:vcrsiblc : (mmole/1)***
1 1.63 0.80 0.83 3.13
2 1.41 0.89 0.52 3.72
3 1.36 0.89 0.47 © 3.68

*Adsorption of phenol from water onto Filtrasorb-100 carbon. Adsorption contacts
were for 5 days at 80°C, and the carbon was regenerated with acetone.

**Adsorption amounts are based on the dry carbon weights 4.00, 3.79, and 3.57 g_
for cycles 1, 2, and 3 respectively.

***Two liters of 6.38 mmole/L solution was used to initiate each of the first two
adsorption contacts and 1.8 L of that solution was used to initiate the third. The
concentrations reported in the table are those at the ends of the adsorption

contacts.
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affected by irreversibly adsorbed compounds. As will be
discussed in Sections 4.5 and 5.1, it is possible that some
of the sorbate included in the irreversible uptakes was
removed by acetone. Further, the cumulative irreversible
.uptake (1.82 mmole/gdc) is less than that needed to form a
monolayer (2.95 mmole/gdc, assuming an average surface
coverage of 0.45 nm2 per molecule), so at least part of the
original surface was available for reaction in the second

and third cycles.

Total uptakes decreased with successive cycles, if only
by small fractions of the cumulative amounts of
irreversible adsorption. The decreases in capacity are
consistent with observations made in other studies
involving the adsorption of phenol from water. Sutikno and
Himmelstein (1983), Chang and Savage (1981), Goto et al.
(1986), and Cooney et al. (1983) all found that the
capacities of carbon beds decreased during several cycles
of adsorption and solvent redéneratién. Iﬁ éenerai, the
rate of change of capacity with cycle number decreased with
increasing cycle number. The data of Sutikno and
Himmelstein show continual decreases in capacity over more
than 45 cycles, although the changes are very gradual for
large cyclie numbers. Magne and Walker (1986) found
decreases in capacity with cycle number for batch
Adsorptions followed by solvent and/or thermal

regenerations. They showed that N; and CO; BET surface
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areas were lowered by amounts that implied that
decomposition products‘of irreversibly adsorbed phenol
blocked pore apertures. The gradual changes in capacity
observed in these studies are consistent with changes to
the adsorbent due to slow sorbate reactions at the

adsorption temperatures used (12-30°C).

4.4 Influences of Liquid-Phase Properties on Irreversible

Adsorption

The nature of the liquid or solvent phase can greatly
influence uptakes of phenolic compounds by activated
carbons. Temperature and activity effects have already
been discussed. This section explores the influences of a
nonagqueous solvent, of pH, and of molecular oxygen on

uptakes of phenol by Columbia carbon.

4.4.1 Adsorption from Heptane

Adsorption of phenol from heptane by Columbia carbon
under a variety of conditions was studied. Total,
reversible, and irreversible uptakes were determined for
contacts lasting 5 and 14 days at both 25 and 80°C. For
each contact time and temperature, trials were initiated
with solutions containing 3.83 x 10-3, 1.91 x 10-2, 3.83 x
10-2, 7.66 x 10-2, and 1.91 x 10~1 M phenol. All carbon
samples weighed close to 0.3 g, and the experimental

procedures discussed in Section 4.1.4.1 were followed.



156

Figures 4.16abc show total, reversible, and
irreversible uptakes, respectively, for the four sets of
exéerimental conditions. At a given phenol activity, the
amounts of total and irreversible adsorption increase with
time and/or with temperature, while the amounts of
reversible adsorption are not highly dependent on those
variablesl5. These facts reinforce the major conclusions
'reached in Chapter 2 regarding the cause of
irreversibilities in the adsorption of phenolics from
water. In particular, the results for adsorption from
heptane show that increases in carbon loadings at long
times and at higher temperatures are due primarily to
increases in irreversible adsorption and not to biological
contamination or slow increases in reversible uptakes.

Hence, surface reactions are implicated.

Comparison of uptakes of phenol onto Columbia from
heptane with those from water are revealing. Figures
4.17abc cbmpare data from Figur%s 4.16abc and Figure 4.7.
Total uptakes are shown in Figure 4.17a and are best
understood as composites of reversible and irreversible

uptakes.

15 There is an anomaly in Figure 4.20b. Reversible uptakes
probably should decrease with increasing irreversible
uptakes (see Section 4.4.3), but the reversible uptakes at
80°C are slightly higher than those at 25°C. This effect
is small and is not critical to the statements made above.
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Figure 4.17b shows that, at lower activities, there is
less reversible adsorption of phenol from heptane thén from
water. Heptane competes more effectively than water for
adsorption sites, which indicates that most of the
adsorption of phenol is onto the nonpolar graphitic planes.
The later conclusion is supported by the fact that the
isotherms are concave to the abscissé (see Kipling, 1965, p
125). The rationale for the data point showing greater
uptake from heptane than from water at higher activity is

not apparent.

Figure 4.17c shows irreversible uptakes from the two
solvents. The uptakes from heptane are lower than those
from water, except at the highest activities. The
adsorption amounts may reflect dependence of reaction rates
on surface concentrations and/or influences of acid-base
equilibria in water. These possibilities are discussed in
Sections 4.4.2 and 5.2.3. In any event, irreversible
uptakes are influenced by the solvent, and the reactions
proceed during adsorption from organic as well as from

aqueous media.

4.4.2 Effects of pH

Adsorption of phenol from three buffer solutions and
from unbuffered water was monitored in order to study the
influence of solution pH on irreversible uptakes. The

buffer solutions had pH values of 1.8, 8.0, and 12.0 and
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the compositions listed in Table 4.21. Phenol was added to
each aqueous medium to yield 6.38 x 10~3 M solutions. Each
solution was contacted with carbon samples weighing from
0.01 to 0.05 g, in the manner described in Section 4.1.4.1.
After the adsorption contacts, pH values of the unbuffered
mixtures ranged from 7.0 to 7.9. Regenerations were
accomplished according to the procedures detailed in

Section 4.1.4.1.

Figures 4.18abc compare total, reversible, and
irreversible uptakes respectively for the four types of
mixtures. Solubility data that would allow estimation of
activity coefficients were not available, so the abscissa
of each figure is phenol concentration. The uptakes from
the unbuffered mixtures and those from the mixtures at pH 8
are very similar, which indicates that small variations in
pH are inconsequential. Wider variations in pH markedly

affect reversible and irreversible uptakes.

Figure 4.18b shows that reversible uptakes are lower at
pPH 12.1 than for pH Values below the pKy of phenol (pK; =
9.99, Dean, 1985). At pH 12.1, phenol is almost completely
dissociated. Phenolate anion has more affinity for the
aqueous phase (i.e. a lower activity coefficient) than does
phenol and would experience electrostatic repulsion from
other anions in the surface layer. Reduced total uptakes

onto carbon were observed for phenol and for p-nitrophenol



Tablc 4.2]1 Aqueous Buffer Solutions Used in Adsorption Experiments

Composition Measured pH Value
1.59 x 10-1 M KClI 1.8
4.13 x 10-2 M HCI
1.30 x 10-2 M (NH4),COg 8.0
2.37 x 10-2 M NH,HCOs4
1.61 x 10-1 M KCI 120

3.87 x 10-2 M NaOH
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at pH values above their respective pK, values, by Snoeyink
et al. (1969) and by Miller et al. (1980), as well as in

studies referenced by those investigators.

Reversible uptakes also increased with decreasing pH at
values below the pK; of phenol. Similar observafions were
made for tétal uptakes of p-nitrophenol onto carbon by
Mattson et al. (1969) and were attributed to decreases in
solubility with decreasing pH. Although solubility data
are not available, it is possible that phencl activities
were higher in the pH 1.8 buffer, particularly because of
the relativély high ionic strength. Changes in surface
charge with pH can also affect reversible uptakes of
phenolics, but the influences should be minimal at pH

values well below the solute pKy (Maller et al., 1980).

In contrast, Figure 4.i8c shows that irreversible
uptakes at pH 1.8 are much lower than those at higher pH
values. Since reversible uptakes are less than or equal to
that for the maximum in irreversible adsorption in Figure
4.14, activity effects and/or differences in surface
orientation are probably not responsible. Rather, the data
indicate a pH dependence of the reactions leading to
irreversible adsorption. Changes in the nature of the
surface layer due to adsorption of ions and thé'form of the
phenolic sorbate could affect these reactions.

Base-catalyzed reactions, acid-inhibited reactions, and
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reaction paths wherein phenolate ion participates in a
rate-determining step are all possible reasons for lower

irreversible uptakes at lower pH.

Comparison of Figures 4.18a and 4.18c reveals that
almost all of the adsorption at pH 12.1 is irreversible.
Since viftually all of the solute is phenolate ion and
since there is much less reversible adsorption of phenolate
ion than of molecular phenol, it seems reasonable to

conclude that phenolate ion is more reactive than phenol.

The influence of pH on irreversible adsorption may help
to explain some results already reported. Oxidation of
Columbia carbon by the means discussed in Section 4.1.4.2
increased the surface acidity (as measured by active
hydrogen), for example, and this factor may have been the
primary reason for decreased irreversible uptakes.

Further, the fact that at low activities there is more
irreversible adsorption from unbuffered water than from
heptane may result from the relative ease of forming anions
in water. The results for adsorption from heptane,
however, indicate that formation of ions in bulk solution

is not a prerequisite for irreversible adsorption.

4.4.3 Availability of Oxygen -

This section focuses on experimental observations about
the influence of molecular oxygen on irreversible

adsorption. Three types of solid-solution-vapor contacts
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were used to vary the amount of oxygen available during
adsorption trials. The first type is that described in
Section 4.1.4.1 and used to obtain most of the data
reported in this chapter. 1In brief, phenol solutions were
prepared with water equilibrated with the atmosphere, 15 ml
aliquots were added to 20 ml scintillation vials (the
actual total volume of each vial is'22.5 ml), and the
adsorption contacts were initiated in the open atmosphere
(so the headspace was filled with air when the vial was
sealed). The amount of oxygen in a vial was reduced in the
second type of contact. Phenol solutions were prepared
with water that had been sparged for several minutes with
nitrogen gas, 20 ml aliquots were added to 20 ml
scintillation vials; and the adsorption contacts were
initiated (and the vials sealed) under a nitrogen
atmosphere. Oxygen was relatively plentiful in the vessels
used for the third type of contact. Phenol solutions were
prepared with water equilibrated with the atmosphere, 20 ml
aliquots were added to weighing vials of 95 ml total .
volume, and the adsorption contacts were initiated in the
open atmosphere. Assuming a dissolved oxygen content of
5.78 x 1073 ml O,/ml H,0 (solubility from Dean, 1985),
there were respectively 0.068, 0, and 0.65 mmole of oxygen
available in the solutions and headspaces of the three
types of trials. All three types of contacts were at 80°cC

for 5 days.
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Carbon weights were adjusted so that adsorption
contacts with the same ratio of liquid to solid kw/w), but
different amounts of available oxygen could be compared.
That is, fbr each trial run using the first type of
adsorption conditions (15 ml aliquots), a trial was run for
each of the other types of contacts (20 ml aliquots) using
4/3 as much carbon. All carbgn samples were exposed to the

atmosphere during the weighing process.

Liquid-solid phase separation and carbon regeneration
were accomplished in the manner described in Section
4.1.4.1. Aquecus phase-solid mixtures were transferred
from the weighing vials to 20 ml scintillation vials before

centrifugation.

Total and irfeversible uptakes were higher when more
oxygen and more headspace were available, as is shown in
Figures 4.l19ac. This result is attributed to increases in
the extents of chemical reactions and not to increased
losses of phenol to the vapor phase. Calculations showed
that the amounts of phenol in the headspaces of coﬁtact
vessels were negligible compared to uncertainties in the
calculated uptakes. Further, the sampling procedures used
in these trials were the same as those used for tests with
XAD-4 in which total and reversible uptakes of phenol
corresponded (see Section 4.1.1). It seems likely,
ﬁherefore, that molecular oxygen promotes irreversible

adsorption.
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Still, irreversible adsorption was prevalent in the
trials in which oxygen was excluded from the liquid and
vapor phases. This fact suggests that either molecular
-6Xygen is not required in the surface reactions, or that
okYgen was present during the trials. It is possible that
oxygen was adsorbed onto the carbon samples before use
and/or that oxygen was incompletely removed from water
through sparging with nitrogen. Molecular oxygen may act

as a catalyst, as discussed in Chapter 5.

These results are consistent with the findings of
Seewald et al. (1983), which were discussed in Chapter 1.
In particular, Seewald et al. reported greater amounts of
chemisorption of phenol from air than from helium. The
investigators did not provide evidence of irreversible
adsorption from helium, but their statements indicate that
there was some. More evidence is needed to determine
whether irreversible adsorption of phenolics occurs under

anerobic conditions.

Figure 4.19b shows that reversible uptakes were
generally lower when more oxygen was present. This may
have been due to increased amounts of irreversibly adsorbed

sorbate.

A similar set of trials was made, involving a wider
range of solute activities. The same three types of
adsorption contacts were used, except that 15 ml rather

than 20 ml aliquots were added to the 95 ml weighing vials.
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Therefore, there were 0.69 mmole O, available in the
solution and the headspace of each trial using weighing
vials. Initial phenol concentrations were 6.38 x 10~3,
6.38 x 1072, 1.06 x 10-1, 3.19 x 10-1, and 6.38 x 10~1 N,
and, for the solutions initiated with 15 ml aliquots, the

carbon weights varied from 0.027 to 0.326 g.

Figures é.ZOabc show total, reversible, and
irreversible uptakes respectively for the three types of
adsorption contactsl®. The data for the first type of
trial were presented in Figure 4.14 and discussed in
Section 4.3. Again, total and reversible uptakes were
generally higher, and reversible uptakes were lower when
more oxygen was available. Thus, these data support the.

conclusions drawn in the discussion of Figures 4.19abc.

4.5 Desorbable Reaction Products

As discussed in Chapter 1, Seewald et al. (1983)
identified two desorbable reaction products in their
thermal regeneration studies. 1In this work, several
reactioﬁ.products were identified in acetone that had been

used to regenerate Columbia carbon.

Phenol was adsorbed onto Columkia from a solution of
0.191 M phenol in heptane and then desorbed into acetone.
A 0.3 g sample of Columbia was contacted with a 15 ml

aliquot of the phenol-heptane mixture and then with a total

16 The results of one trial in which O, was excluded are
not reported because the contact vessel leaked.
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of 50 ml of acetone, according to the procedures described
in Section 4.1.4.1. The total, reversible, and
irreversible uptakes were 4.10, 1.35, and 1.75 micromoles
per square meter respectively. No polymers were detected
in the heptane phase by means of GC (at 210°C, with a
porapak-Q column and flame ionization detection) or in the
regenerant by means of HPLC. (on the CN columnl? with an
aqueous mobile phase and detection of uv absorbance at 214

nm) 18,

The :egenerant mixture (concentration 7.31 x 1073 M)
and a 7.45 x 103 M ‘control’ solution of phenol in acetone
were concentrated prior to a mass-spectrometry probe
analysis. Twenty milliliter aliquots of the solutions were
placed in a vacuum oven at 30°C until the volumes were
reduced to approximately 10 ml. Two milliliter aliquots of
the resulting solutions were evaporated to dryness in a
rotary vacuum concentrator (Savant Instruments Inc., model
RH 20-12). A drop of acetone was added to each sample to
facilitate transfer to the sample probe of a
single-focusing, magnetic sector mass spectrometer (AEI

Corp., Model MS 12).

A low-resolution, probe analysis of each sample was
performed by Mr. Paul deFur of the College of Chemistry

Mass Spectrometry Laboratory at the University of

17 See Appendix 1.
18 See Appendix 1 for more details on the HPLC analyses.
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California, Berkeley. Each sample was volatilized slowly
by raising the sample temperature from 25 to 300°C in the
mass spectrometer. Eluted compounds were ionized by

electron ionization.

.Eigures 4.2lab show the resulting mass chromatograms
for the regenerant and the control mixtures respectively.
In each chromatogram, the abscissa is time (in
hours:minutes) or correspondingly, the number of scans
completed. The ordinate of a chromatogram is the relative
intensity of the detector signal compared to the peak
intensity in the top chromatogram in the same figure. To
the right of each chromatogram is the range of base mass to
charge ratios examined. The last chromatogram in each

figure is the reconstructed (or total) ion chromatogram.

The base mass to charge ratios for the chromatograms in
Figure 4.21a indicate that phenol and polymers of
composition CgpnHyn+20n (N = 2 to 7) were present in the
regenerant mixture. The relative signal intensities show
that the higher the molecular weight of a polymer, the less
abundant it was. In contrast, Figure 4.21b shows that
phenol, but no polymers, were present in the control
solutionl®. These facts indicate that polymers formed
during the adsorption process and were recovered from

Columbia during regeneration.

19 The chromatograms corresponding to mass to charge ratios
of 186 and 278 show only low levels of background noise.
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The results of these experiments are consistent with

the reaction process proposed in Chapter 5.
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Chapter 5 Oxidative Coupling as a Mechanism for

Irreversible Adsorption

5.1 Characteristics of Oxidative Coupling Reactions

Many phenolic compounds are ;eadily oxidized. The
reaction products usually include dimers, as well as higher
polymers and compounds that are quinoid in nature (Musso,
1967). In most cases, oxidaﬁion involves removing one
hydrogen atom from each phenol molecule and joining the
intermediates by carbon-carbon bonds at positions ortho
and/or para to the hydroxyl groups. Less frequently,

carbon-oxygen linkages are formed.

Many coupling oroducts have low solubilities in water
and in nonpelar orzanic solvents, but are soluble in polar
organic sclvents. Lim et al. (1983) and Ficek and Boll
(1980) obtained dark brown and black amorphous precipitates
by oxidizing phenol in aqueous media. The precipitates had
high melting points and were highly scluble in
dimethylformamide and dimethylsulfoxide (Lim et al., 1983).
This solubility behavior Is consistant with the presence of
hydroxyl and quinoid groups in carbonaceous oxidation

products.
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Several mechanisms have been proposed for phenol
coupling reactions (see i.e. Barton, 1967), but it is
generally believed that free radicais are_involved (see
i.e. Musso, 1967 and Nonhebel and Walton, 1974). Figure
5.1 illustrates possible pathways for coupling of phenol
~molecules in the presence of an initiator. The reaction is 
initiated with the formation of phenoxy radicals from
phenol molecules or from phenolatevanions. Initiators
(denoted by ‘In’ in the figure) can take many forms, but
are generally reduced during the reaction. Phenoxy
radicals react irreversibly with phenoxy radicals, phenol
;molecules, or phenolate anions to form dimers. Electron
localization in the radicals is responsible for the |
observed coupling positions (ortho and paré to hydoxyl
groups) and for the preaominance of carbon-carbon linkages.
Further reactions of the coupling products form polymers

and quinoid compounds.

Aniline also undergoes oxidative coupling reactions
that involve free radicals. It has been demonstrated that
a radical containing bivalent nitrogen is formed in the
oxidation of aniline (Fieser, 1930a). Nitrogen radicals
generally polymerize to hydrazines rather than forming

carbon-carbon linkages, however.

Oxidative coupling of dihydroxybenzenes proceeds
through other mechanisms (Nonhebel and Walton, 1974).

Semiquinone radical anions are formed from catechols
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) Ihitiation
| In + PhOH — InH++ PhO-

or ,
In + PhOT — In™* + PhO.

Irreversible Reaction

D =Xy oD = oD
+ PhOe, PhOH, or PhO™

\
Q_-ZD 1o-{ H-o<) r
|

Y

Polymers, Quinoids

Figure 5.1 Oxidative Coupling of Phenolic Molecules.



195

and hydroquinones and are relatively stable compared to
their monohydric counterparts. Semiquinone radical anions
do not couple, but oxidize to form quinones. The quinones
aré readily attacked by nucleophiles such as the anions of
catechol or hydroquinone, and so coupled prodhcts form.
Semiquinone radicals formed from resorcinols cannot oxidizé_
to form a quinone, and under anaerobic conditions give only.
carbon-carbon coupled dimers. When air is present
hydroperoxy radicals form, and dehydration leads to a

quinone that can be attacked by nucleophiles.

5.2 Consistency of the Reaction Characteristics with

Experimental Observations

The concept of oxidative coupling of phenolic compounds
during adsorption by activated carbbn is consistent with
most of the experimeﬁtal observations discussed in this
dissertation. Preliminarily, the effects of time and
temperature on total and irreversible uptakes suggest that
Cchemical reactions with appreciable activation energies
occur. Lim et al. (1983) calculated an activation energy
of 12.5 Kcal/mol for aerobic coupling of phenol in an
alkaline media using the strong catalyst cuprous chloride.
Activated carbon is presumably a much weaker catalyst than
cuprous chloride, although the surface may play other roles
in the coupling reactions as discussed in Section 5.2.4, so

higher activation energies might be expected for coupling
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reactions between sorbate molecules. Higher activation
energies would also be expected in neutral and in acidic

media, as discussed later in this section.

The occurrence of a high-activation-energy chemical
reaction helps to explain why irreversible adsorption has
been observed in some investigations, but not in others.
With reference to Chapter 1, investigators using relatively
high adsorption temperatures, relatively long adsorption
contact times, and/br a drying step between adsorption and
regeneration, saw evidence of irreversible adsorption.
Suzuki et al. (1978), Seewald et al. (1983), Yonge et al.
(1985), and Feurstenau (1984) are in this category. 1In
contrast, Zogorski and Faust (1978), Thakhar and Manes
(1987), Robertaccio (1976), and in some trials Seewald et
al. (1983), used lower temperatures and/or shorter
adsorption contact times and did not see irreversibilities.
In the investigation by Yonge et al., the divergence of
isotherms was most likely due to differences in cumulative

adsorption contact times.

5.2.1 Desorbable Reaction Products

Polymers desorbed from Columbia carbon in the
experiment reported in Section 4.5 are products of the
qxidative coupling of phenol molecules. Because of their
presumably low solubilities in heptane, the polymers were

probably strongly adsorbed and were not detected through GC
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analysis of the heptane phase. The polymers were not
detected by HPLC analysis of the regenerant, probably
because of low aqueous phase solubilities. An aqueous
mobile phase was used to elute compounds from the CN column
(see Appendix I). Consequently, these polymers were
included in the irreversible uptake reported in Séction
4.5, even though they were removed from the carbon by

acetone.

It is likely that desorbable reaction products
contributed to all irrevers;ble uptakes reported in this
work. Unfortunately, the discovery of these products was
made very late in this investigation, so that the amounts
of the products were not determined. The observations
(made in Section 4.3.2) that irreversible uptakes affected
capacity only mildly and that there were substantial
irreversible uptakes by regenerated carbon, suggest that

the amounts of desorbable products may have been

substantial.

The chromatograms in Section 4.5 show that the higher
the molecular weight of a polymer, the smaller the amount
desorbed. Qualitatively, this result is consistent with
the expected product distributibn of an oxidative coupling
reaction in a liquia phase. Further, the solubilities of
the products probably decrease with increasing molecular
weight, and, if so, higher molecular weight products would

be more difficult to desorb. It may be beneficial,
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therefore, to employ a more polar solvent than acetone
(i.e. dimethylformamide) in_thé regeneration of carbons.
Finally, high molecular weight polymers could formvand'
become trapped in carbon pores. Such entrapment:is
consistent with the observation of Seewald et al. (1983,
see Chapter 1) and of Magne and wélker (1986) that

chemisorption of phenol blocks the smallest pores.

As discusééd.in Chapter 1, Seewald et al. identified
two desorbable products during the thermal regeneration of
carbon loaded with phenol. One of the products,
hydroxy-diphenylethervis formed through oxidative coupling.
The second product, dibenzofuran may be formed by
dehydration of hydroxy-diphenylether when the linkage is

para to the hydroxyl group.

5.2.2 Sorbate Reactivities

Organic compounds differ.markedly in their tendencies
to undergo oxidative coupling. In most cases, the relative
reactivities of sorbates on activated carbon can be
rationalized in terms of their reactivities as solutes in

coupling reactions.

$.2.2.1 Nonreactive Sorbates

Several sorbates were essentially nonreactive under the
conditions used for adsorption. Alkanes and nonaromatic
alcohols are in this category, as indicated by the

classification of organic adsorbates by Suzuki, et al.
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(1978; see Chapter 1, Table 1.2). These compounds are much
more difficult to oxidize than phenols, because

intermediates are not resonance stabalized.

Other compounds that do not seem to react on carbon
include 5,5-dimethylhydantoin and butyric acidl. The
absence of aromatic rings in these compounds makes them

more difficult to oxidize than are phenols.

The experimental results summarized in Section 4.2.1
and in Table 1.2 also iﬁdicate that many benzenes are
nonreactive sorbates. Benzenes are generally much more
difficult to oxidize than phenols that have the same
substituents, and benzene, p-xylene, ahisole, benzaldehyde,
and nitrobenzene did not react on carbon surfaces while
phenol, 2,4-dimethylphenol, p-methoxyphenol,
p-hydroxybenzaldehyde, and p-nitrophenol did. Toluene and

coumarin were also nonreactive.

In contrast, the results of Suzuki et al. (1978) show
that benzoic acid was difficult to remove from carbon
through thermal regeneration. "Aromatic compounds tend to
be more easily oxidized than benzoic acid" (Nonhebel and

Walton, 1974, p.419)2, so this result seems to be at

1 Evidence to support this statement can be found in
Sections 2.4 and 4.2.1, and in Table 1.2.

2 Further, oxidative coupling is more facile for phenol
than for p-hydroxybenzoic acid (Feiser, 1930). One might
expect, then, that it is more difficult to oxidize the
aromatic ring of benzoic acid than it is to oxidize
benzene.
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variance with the correlation between oxidative coupling
and sorbate reactivities. Benzoic acid has a highef
boiling point than the other benzenes tested by Suzuki et
al., however, and may have decomposed on the surface beforé
it was volatilized. Further tests are needed on the
adsorption and recovery of benzoic acid before this result

can be fully understood.

5.2.2.2 Hydroxybenzenes and Aniline

Table 1;2 and the results reported in Sectionv4.2
indicate that hydroxybenzenes and aniline are very reactive
on carbon surfaces. There is a semiquantitative
correlation between sorbate reactivities and reactivities

of the same compounds in oxidative coupling reactions.

Semiquantitative orderings of sorbate reactivities were
devéloped in Section 4.2.5. Table 4.19 summarizes the
comparisons of»irreversible uptakes at solute activities of
0.002 (mole fraction) and at total uptakes of 3.0
micromole/m2. The two methods of comparison gave similar

results.

Reactivities of these compounds in oxiéative coupling
reactions can be characterized by ‘critical oxidation
potentials’ (COPs) whizh are listed in Table 5.1. Fieser
(1930ab) tested phenols and amines with oxidizing agents of
known redox potentials in order to determine the potential

that was just sufficient to oxidize each compound in an
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Table 5.1 Critical Oxidation Potentials of Phenolic Compounds and Aniline

Compound cop (v)
p-Methoxyphenol ' 0.848
2,4-Dimethylphenol ' 0.895
Phenol , 1.089
p-Chlorophenol 1.094
Aniline ' 1.135
p-Hydroxybenzaldehyde 1.301

p-Nitrophenol 1.433
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aqueous-alcohol mixture at 25°C3. The COPs are not precise
redox potentials, but they do provide a measure of the
relative ease of oxidation of the compounds tested. in
addition, Fieser established approximate values for the
influence of ortho and para substituents on thé COPs of
phenols and aromatic amines. Since sorbate reactivities
were monitored ﬁﬁaer differenﬁ conditions than those used
to establish Cofs, and since several COP values listed in
Table 5.1 were calculated using the approximate values that
Fieser established for substituents, COPs serve only as a
semiquantitative guide to reactivities expected for

coupling reactions on carbon.

The concept of critical oxidation potentials was
established because it was not possible to determine true
redox potentials for phenolic compounds and aromatic amines
with standard titration methods (Musso, 1963). Oxidative
coupling reactions are irreversible and are generally too
rapid for that experimental technique. Polargraphic
analysis could be used to establish relative oxidation
potentials (Musso, 1963), but data could not be located for

some of the compounds tested in this work.

There is a linear relationship between COPs and the

theo .etical energy values for the highest occupied phenol

3 Therefore, the lower the COP, the more reactive the
compound.
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orbitals as calculated by the LCAO-MO method4. This fact
led Fueno, et al. (1959) to conclude that in each oxidation
‘the rate determining step involves abstraction of one
electron from the highest occupied orbital. Thus, the
easier it is to form a radical, the faster the reaction

should be.

Irreversible uptakés reported in the second and third
columns of Table 4.19 are plotted against critical
oxidation potentials in Figures 5.2a and b respectively5.
In each figure, there is a reasonable correlation between
the variables. Given the crude nature of the reactivity
scales, these correlations lend strong support to the
contention that oxidative coupling is involved in the

irreversible adsorption of phenolic compounds.

The regeneration results of Yonge et al. summarized in
Table 1.3 are partially consistent with the observed
corelation between sorbate reactivities and COPs. The COPé
of phenol, o-cresol, and o-methoxyphenol are 1.089, 1.040,
and 0.868 respectively, and the lower the COP, the greater
the percent irreversibility. Ortho-positioned alkyl |
substituents affected percent irreversibilities more than
did a para-positioned alkyl substituent, however, and there

is not a parallel trend with COPs (see Fieser, 1930a).

4 Linear combination of atomic orbitals - molecular
orbitals

5 The two connected symbols in Figure 5.2b represent the
range of irreversible uptakes for phenol that is listed in
the third column of Table 4.19.
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Figuré 5.2a Estimated Amount of Irreversible Adsorption onto Columbia
Carbon at Solute Activity = 0.002 (Mole Fraction) vs. Critical
Oxidatition Potential for Phenolic Compounds.
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Critical oxidatioﬁ potentials can also be used to show
that dihydroxybenzenes are more reactive than
monohydroxybenzenes, but care must be taken in making the
comparison. The oxidation potentials for those
dihydroxybenzenes which can form quinones directly from
- semiquinone radicals reflect the energy required to remove
two electrons and are lower than the potentials needed to
remove the firsf electron. Fieser (1930a) relates COPs to
free energies.of oxidation, and his calculatiohs show that
hydroquinoné and catechol are much more readily oxidized

than is phenol.

Resorcinol cannot form a quinone directly from a
semiquinone radical, and, consequently, its COP is not a
great deal lower than that of phenol (1.043 v vs 1.089 v).
This fact indicates that the differences in interactions of
~ these compounds with F-100 (discussed in Sections.2.3 and
2.4) may not be due solely to oxidative coupling reactions.
It is possible, however, that oxygen associated with the
carbon surface enhances the reactivity of resorcinol more
than it enhances the reactivity of phenol. As noted
earlier, semiquinone radicals derived from resorcinol can

form more reactive intermediates in the presence of oxygen.

5.2.3 Liquid Phase Properties

As demonstrated in Section 4.4, the nature of the

liquid phase can greatly influence uptakes of phenolic
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compounds by activated carbons. This section draws

parallels between those influences and influences of liquid

phase properties on oxidative coupling reactions. Since

sorbate molecules react at the adsorbent surface, the
influences of liquid phase properties on the

characteristics of the surface layer are of primary

importance.

5.2.3.1 A Potential Role of Molecular Oxygen

Molecular oxygen acts as an initiator in oxidativé
coupling reactions (Denisov, 1980). Interaction between O,
and phenolic sorbates may be direct, or, as discussed in
Section 5.4, may involve a catalyst and may be indirect.

In water, oxygen attacks both phenol molecules and
phenolate anions forming HO;°+ and O;¢~ radicals along with
phenoxy radicals. Subsequent reactions include (Shibaeva

et al., 1969);
0 +H" I HO,
PROH +HO, = ’H20.2+Ph0‘
PROH+H,0, = PhO +H,0+HO

PhOH+HO = PhO +H,O0
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as well as phenol coupling reactions. -Through these
reactions, four phenoxy radicals can be formed for each

molecule of oxygen consumed.

The experimental results discussed in Section 4.4.3 are
consistent with the ability of molecular oxygen to promote
oxidative coupling reactions. Since oxygen is consumed in
the oxidation-pfocess,‘oxygen initially in the headspace of
a vessel could influeﬁce irreversible uptakes. Phenoxy
radicals can be formed through.the actions of initiators
other than oxygen, however, so excluding oxygen from the
liquid and gas phases during an adsorption contact does not
preclude oxidative coupling reactions. It is also possible
that molecular oxygen adsorbed on carbons prior to an
| adsorptidn contact would promote oxidative coupling even

when no oxygen was present in a fluid phase.

$5.2.3.2 The Influence of pH

Oxidative coupling of phenolic compouhds is more facile
in alkaline than in acidic media. Penketh (1957) used a
polarographic method to show that oxidation potentials of
sevéral phenolic and amino cémpbunds decreased linearly
with increasing pH values in bufferedAaqueous-alcohol
solutions. Further, reaction of phenoclic anions with
oxygen is much faster than is reaction of the corresponding
phenols (Denisov, 1980; Shibavea et al, 1969).

Consistently,_Chin et al. (1985) found that the rate of



209

aerobic coupling of phenolvon a cuprous chloride catalyst
had a second-order dependence on the solution pH when the
pH values were below the pK; value. These facts indicate
that phenoxy radicals are formed much more readily from

anions than from molecular compounds.

The experimental observations made in Section 4.4.2 are
generally consistent with an oxidative couéling mechanism
for irreversible adsorption. .The dependencies of oxidation
potentials and coupling reaction rates on solution pH
parallel the adsorption results. Specifically,
irreversible uptakes by Columbia carbon decreased with
decreasing pH value, below the pK; of phenocl. Too, almost

all of the adsorption was irreversible at pH 12.1.

The degree of ionization of a sorbate does not seem to
be the primary variable determing its reactivity on carbon,
however.. If it were, the lower the pKa value of a sorbate,
the more reactive.it should be in neutral aqueous
solutions. As shown in Table 4.19, sorbates with lower pKj
values were generally less reactive than sorbates with
higher pK, values. Relative reactivities were in line with
critical oxidation potentials determined for unionized

compounds.

5.2.3.3 Heptane Compared to Water

Phenols are unionized in nonpolar solvents, so

oxidative coupling reactions are less facile than they are
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in ionizing media. 1In pafticular, oxidation with (o2} is'
faster in water than in hydrocarbon mixtures (Denisov,
1980). Even though the fraction of phenol molecuies that
are ionized in a neutral aqueous solution.is only 1 x 1073,
reaction rates can be several orders of}magnixude higher
for phenolate anions'than for phenol molecules (Shibaeva et
al., 1969). CdﬁééQuently, oxidative coupling of phenol
molecules should be more facile in neutral aqueous

solutions than in heptane solutions.

The comparisons made in Section 4.4.1 betweeﬁ uptakes
of.phenol from water and from heptane are in line with this
reasoning. Those comparisons showed that at the same
liquid phase activities, irreversible uptakes of phenol
from heptane were lower than those from water. The issue
is complicated by the fact that, in most cases, reversible
uptakes were also lower from heptane than from water.

Lower ‘surface conéentrations could result in lowér rates

for reactions on the carbon surfaceb.

5.2.4 Adsorbent Properties

Many studies have shown that activated carbons can
catalyze oxidation reactions (Garten and Weiss, 1957).
These studies show not only that metallic elements in ash

can catalyze oxidation of sorbates, but also that carbon

6 The activities and surface coverages compared in Section
4.4.1 are well below the values corresponding to the
internal maximum in irreversible adsorption that appears in
.Figure 4.14.
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surfaces themselves can be catalytic. While the mechanism
of oxidation by carbons is open to speculation, it has been
shown that the presence of molecular oxygen and the nature
of surface 6xides influence reaction rates (Epstein et al.,

1971; Garten and Weiss, 1957).

Garten and Weiss (1957) have suggested a mechanism
that accounts for the observed effects and is consistent
with oxidativevcoupling of phenolic compounds on carbon
surfaces. They propose that molecular oxygen can add to
olefinic bonds associated with quinone groups to form
peroxides. A peroxide group could‘then accept an electron
from a quinone group, resulting in a monovalent peroxide
anion radical and a semiquinone (radical). The peroxide
radical could then accept a second'electron from a second
quinone group and split off as a pefoxide anion. 1In a
protic solvent, the peroxide anions would protonate

yielding hydrogen peroxide.

This mechanism has similarities with that discussed in
Section 5.2.3.1. In particular, several phenéxy radicals
can form for each molecule of oxygen consumed, since two
radicals form on the carbon surface and since hydrogen
peroxide is created. If the radicals abstract hydrogen
atoms from sorbate molecules, four sorbate radicals could
result. Both mechanisms are consistent with the
éxperimental resgits discussed in Section 4.4.3, but the

mechanism suggested by Garten and Weiss can be used to
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explain why some surfaces promote oxidative coupling and
others do not. Further, both mechanisms could lead to more
irreversible adsorption than could be accounted for by 1:1

reactions with surface functional groups.

Radicals formed on the carbon surface could also couple
directly with sorbate molecules, ahd sorbate radicals could
couple with the aromatic surface. The sorbate would then
be covalently bonded to the carbon and could not be removed
by solvent regeneration. Thus, carbbn could be a reactant

as well as a catalyst in oxidative coupling reactions.

The mechanism suggested by Garten and Weiss for the
reduction of molecular oxygén depends on the ability of the.
carbon to form semiquinones and, hence, would be most
facile in alkaline media (Garten and Weiss, 1957). This
fact is consiétent with the observed influence of pH on
irreversible uptakes of phenolic compounds (see Section

40402) L]

The FTIR analyses discussed in Section 4.1.3.3
indicated quinone functionality on Witco Columbia and on
Norit Row 0.8s. Therefore these carbons could presumably
oxidize phenolic compounds according to the suggested
mechanism. It is not known whether Filtrasorb-100, ¥itcarb

950, and/or Amoco Super Sorb have quinone functionality.

Oxidation of Columbia carbon could interfere with the

suggested mechanism. In general terms, an oxidized carbon
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should be less of a reducing agent for molecular oxygen
than is the parent carbon. More specifically, oxidized
Columbia has more surface funtional groups than does
Columbia (see Section 4.1.4.3), and presumably, would have
fewer reactive olefinic bonds. The observation made in
Section 4.1.4 that the abundance of surface oxides
correlates with the regenerability of samples of oxidized
Columbia is consistent with the idea that oxidation
decreases the availability of sites at which peroxides can
form. Secondarily, it is possible that quinone groups are
destroyed by some oxidative treatments. 1In either case, it
is possible to reconcile decreased irreversible uptakes by
oxidized carbons with decreased abilities of those carbons

to promote the oxidation of sorbate molecules.

The carbonaceous adsorbents XE-340 and XE-348 promote
irreversible adsorption of phenol, but probably do not have
quinone functionality. It is probable that
sulfur-containing functional groups such as sulfoxides can
donate electrons to affect the reduction of molecular
oxygen. Sulfur-cbntaining groups in XE-348 are probably in
a lower oxidation state than those in XE-340 (see Neeley,
1981), and as discussed in Section 4.1.5, XE-348 promotes
irreversible adsorption of phenol more than does XE-340.
Hence, a mechanism similar to that suggested by Garten and
Weiss could account for irreversible adsorption of phenol

by these carbonaceous adsorbents.
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The fact that the phenol-formaldehYde resin S-761
promotes irreversible adsorption is more difficult to |
rationalize. One possibility is that the resin became
oxidizéd and then it reacted with sorbate molecules. The
resin is reported to be stable at temperatureé up to 80°cC
in neutral, nonoxidizing media, but softens and swells in
alkaline media and in the presence of oxidants (Diamond
Shamrock Corp., 1978). The adsorption conditions used fof
the tests reported in Section 4.1.4.5 might bevconsidefed
‘borderline,’ since oxygen was present in neutral pH
mixtures that were held at 80°C for an extended time.
Alternati?ely, phenolic groups on the resin might catalyze
reactions beéween sorbate molecules, but the expe:imentalv
results reported in Section 4.1.4.3 indicate that phenolic

groups added to Columbia carbon did not promote reactions.

The resins XAD~4, XAD-7, and IRC-50 are all resistant
to oxidation (Waitz, 1987; Rohm and Haas Corp., 1977), and
therefore they should not promote oxidation of phenolic
sorbates. - This conclusion is éonsistent with the
experimental results reported in Sections 4.1.1 and

4.1.4.5.

5.2.5 Summary

In summary, the concept that oxidative coupling of
phenolic compounds on carbon surfaces leads to irreversible

adsorption of the products, is consistent with many
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experimental observations. Coupling products have been
identified in regeneration media, sorbate reactivities
correlate with critical oxidation potentials, and
liquid-phase properties that promote 6xidative coupling
also promote irreversible adsorption. Further, while the
role of the adsorbent in oxidative coupling is speculative,

carbon can catalyze oxidation reactions.
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Chapter 6 Summary and Process Implications

PhenSIic compounds may be irreversibly adsorbed by
activated carbons. Total uptakes increase with time and
with increasing temperaturé, at rates that may be much
lower than those for physisorption. Regeneration of
carbons with acetone recoveréd at least as much phenol as
did other solvents and displacers, and hence was used to

define irreversible adsorption operationally.

The physiochemical properties'of an adsorbent influence
irreversible uptakes. Carbonaceous adsorbents ahd a
phenol-formaldehyde resin (S-761) promoted irreversible
adsofption, while a styréne-divinylbenzene copolymer
(XAD=-4), an acrylic ester-divinylbenzene copolymer (XAD-7),
and a methacrylic acid-divinylbenzéne based cation
exchanger (IRC-50, carboxylic acid functionality) did not.
Oxidation of Witco: :Columbia carbon with nitric acid or with
hydrogen peroxide resulted in lower total and irreversible
uptakes of phenol from water. Columbia carbon reduced with
lithium aluminum hydride had the same capacity for phenol,
but was more regenerable than the untreated carbon.
Columbia carbon treated with sulfur dioxide at 510°C and
Columbia carbon treated with nitric acid and then ammonia

at 600°¢C adsorbedlless phenol from water and were more
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regenerable than was the untreated carbon. The abundance
rather than the identities of surface functional groups on
Columbia carbon seemed to have the greatest influence on

total and irreversible uptakes.

Mineral ash in carbons can promote irreversibilities,
but irreversible adsorption also occurs for materials
containing little or no ash. Columbia carbon oxidized with
KMnO4 retained manganese oxides and promoted irreversible
adsorption to a greater extent than did the untreated
carbon. In contrast, the carbonaceous adsorbents XE=-340
and XE-348 and the resin S-761 promote irreversible

"adsorption, but contain little or no ash.

Uhpaired electrons on the surface of an adsorbent prior
to an adsorption contact are probably not the primary cause
of irreversible adsorption. While EPR measurements showed
that XE-348 contained fewer unpaired electrons than did
XE-340, XE-348 caused more irreversible adsorption of

phenol than did XE-340.

Sorbates differ markedly in their tendencies to undergo
irreversible adsorption. Non-=phenolic compoundé such as
benzenes are less reactive than monohydroxybenzenes, and
monohydroxybenzenes are less reactive than
dihydroxybenzenes. Aniline is reactive, but less so than
phenol. There is a semiquantitative correlation between

sorbate reactivities and critical oxidation potentials.
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Irreversible uptakes of phenol on Columbia carbon vary
with solute activity in a complex mannef. For activities
at which there are low surface coverages, irreversible
uptakes increase with increasing solute acti%ity. This
trend revefSes for higher surface coverages. These facts
may reflect differences in orientation of sorbate molecules

at different surface coverages.

Irreversible and total uptakes of phenol on F-100
decreased with increasing cycle number during repetitive
loading andvregeneration of the carbon. Given the

adsorption amounts, however, the decreases were small.

The properties of the liquid-phase can greatly
influence uptakes of phenolic compounds by activated
carbons. At the same liquid phase activities, irreversible
uptakes of phenol from heptane were generally lower than
those from water. Further, alkaline media and dissolved

oxygen promoted irreversible adsorption of phenol.

Polymers of composition CgnH4n+20n (n = 2 to 7) were
identified in acetone used to recover phenol from Columbia
carbon. The higher the molecular wéiqht of of a polymer,
the less abundant it was. The polymers formed during
adsorption of phenol from heptane. Solvents that are more
- polar than acetone (i.e. dimethylformamide) may be more
effective than acetone in removing phenolic polymers from

carbons.
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These experimental observations and many made in
previous investigations are consistent with an oxidative
coupling mechanism for the irreversible adsorption of
phenolic compounds by carbons. In particular, irreversible
uptakes are greater for sorbates that are readily oxidized.
Further, conditions that favor oxidation of sorbates also
favor irreversible adsorption. Finally, carbon can
catalyze oxidation reactions, and coupling products have

been identified in a regenerant mixture.

These findings suggest means of mitigating
irreversibilities in industrial'applications.of activated
carbon beds. For example, reduced bed volumes and rapid
cycling times should be used to limit the residence time of
phenolic compouﬂds on carbon. In treatment schemes
involving several processing steps, it may also be possible
to gain favorable adsorption conditions through judicious
sequencing of those steps. When possible, adsorption and
regeneration should occur at low tempetatures and alkaline
conditions should be avoided. These considerations favor
the use of organic solvents for regeneration over thermal
methods or the use of inorganic bases. Reagents that
promote oxidation (including molecular oxygen) should also
be avoided when possible. High solute activities may also
lessen the extent of irreversible adsorption. Finally, it

may be desirable to use carbon that has been oxidized under



mild conditions. While oxidation generally reduces the
capacities of carbons for phenol, it seems to improve

regenerabilities.
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Appendix I Chromatographic Methods

Gas chromatography.(GC) and high performance liquid
chromatography (HPLC) were used to establish solute
concentrations in adsorption and regeneration trials. The
choice of method for a particular analysis was based on the
ability to achieve a complete separation of components of a
mixture, the sensitivity of the detector to those
components, and the availability of the hardware. Often
the desired separation could be achieved by either method,
but lower solute concentrations could be measured using GC
with flame-ionization detection. Details of the

chromatographic methods are given below.

Gas Chromatography

A varian Associates 3700 Gas Chromatograph with flash
injection and flame-ionization detection was used for GC
analyses. Most often, the column was a 5-foot long
l1/8-inch-o.d., 26-gauge stainless steel tube packed with
Waters Associates Porapak-Q particles (100 x 120 mesh).
These particles are porous polymer beads with polar
monomers incorporated into the basic polymer structure.
Occasionally, a shorter column was used to achieve more

rapid elution of compounds. One pliter samples were
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injected into nitrogen carrier gas (the mobile phase) and
peak areas were compared to those of calibration samples in

order to:establish concentrations.

High Performance Liquid Chromatography _ ~

The hardware used for the HPLC analysis was a hybrid.
A Perkin Elmer Series 10 Liquid Chromatograph provided flow
control. Twenty rliter injections were made with a
Rheodyne Syringe-Loading Sample Injector (Model 7125-075).
Detection was accomplished with a Waters Associates Model
400 Absorbance Detector with an Extended Wavelength Module.
A fixed wavelength of 214 nm (zinc source) was used in the

module.

The analyses employed isocratic reversed-phase
chromatography. Usually, the stationary phase was a Cjg
Radial-Pak zBondapak column with 8 mm internal diameter, 10
cm length, and 10 um irregular particles. Radial
compression of the column with a Waters Associates Z-module
enhanced the separation efficiency. Occasionally, a Waters
Associates CN pBondapak steel column was used. This column
has 9 percent CN group bonded to rPorasil packing material
and is more polar than a C;g column. Both columns provide
substrates that facillitate the separation of non-ionized
solutes in a polar mobile phase. The mobile phase was

methanol, water, or a mixture of methanol and water.
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Appendix II Thermodynamic Condsiderations

Normalizing Adosrption Isotherms with Activities

Thé Lundelius rule holds that there is an inverse
relationship between the adsorption of a species and its
solubility in the solvent used (Jaycock and Parfitt, 1981).
The stronger the solvent-solute interactions, the smaller
the amount of adsorption. Traube found that "The
adsorption of organic substances (at the liquid-vapor
interface) from aqueous solutions increases strongly and
regularly as we ascend the homologous series"l, and this
statement is known aé Traube’s rule (Adamson, 1982).
Hansen and Craig (1954) found that these rules took a
quantitative form for homogolous series of acids and

alcohols adsorbed from water onto carbon. For each series;

K,,C,=constant (171-1)

where Kpj is the surface-solution partition coefficient and

Cgj is the solubility of solute i. That is, isotherms

1 This is a statement by Freundlich (1926).
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within a homogolous series were nearly coincident when
adsorption (in moles per gram of carbon) was plotted

against solute concentration divided by solubility.

Equatibn II-1 is an empirical relationship that holds
only under particular conditions. The relationship is
often discussed in the context of an idealized partitioning
at a solid=-liquid interface (Adamson, 1982; Jaycock and
Parfitt, 1981). For two liquid phase components with equal
surface phase activity coefficients and equal areas

occupied by adsorbed molecules:

=
N
o]

(11-2)

X
Q
o~

-—

The symbol K is an equilibrium constant, x;S is the mole
fraction of i in the surface phase and ajl is the activity
of 1 in the liquid phase. For K to have approximately the
same value for different members of a homologous séries,
activities must be defined in the Raoult’s law sense rather
than in the Henry’s law sense. In dilute sclutions the
solvent activity (a21) is virtually constant and equation

II-2 can be rearranged to yield;

2

= constant (11-3)
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where f, is the activity coefficient for the solute in the

liquid phase.

Equation II-1 is equivalent to equation II-3 when the
solubility of the solute equals the inverse of the activity
coefficient. The equality does not always hold, and in
particular, does not hold when the standard-state fugacity
of a solid is taken as the fugacity of a hypothetical pure
sub-cooled liquid (Prausnitz, 1969). In addition, thé
value of the activity coefficient is in general a function
of the solute mole fraction. Equation Ii-3, then, is
somewhat more general than is equation II-1l, even though

neither equation is rigorous.

Equation II-3 suggests that comparing adsorption
isotherms plotted versus activity may be revealing. The
use of activities defined in the Raoult’s law sense
normalizes the effects of solute-solvent interactions so
that differences in amounts of adsorption can be attributed
to differences in energies of interfacial interactions.
This type of comparison is used in section 2.5 to support
the contention that higher temperatures promote chemical
reaction of phenol on activated carbon. Most isotherms in
the present work are plotted on an activity basis to

facilitate comparisons of surface interactions.
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Activity Coefficients

Activity coefficients used in this work are estiﬁated
from published values or from solubilities. The
coefficients are defined in the Raoult’s law sense. In | “
most of the experiments reported, the solutions were |
extremely dilute, and a single value of the activity
coefficient is used for all concentrations of a solute.
This value is usually derived from data for a mixture with
the solute at high dilution, but is refered to as an
"infinite dilution" activity coefficient. Unless otherwise

specified, the variation of activity coefficients with

temperature is assumed to follow the relationship:;

- A
Inf"==+8 -4
nfo=r* ( )

as recommended by Reid et al. (1987). In cases where an
activity coefficient is available (or is estimated) at only

one temperature, B is set equal to -zero2.

Infinite dilution activity coefficients used in this
"work are listed in Table II-1. The methods used to

determine these coefficients are summarized below.

2 Setting B = 0 implies that a solution is regular. This
is probably a poor assumption for phenolic solutes, but it
used to obtain reasonable estimates.
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Table II-1 Infinite Dilution Activity Coefficients for Aromatic Solutes

Solute Solvent Temperature oC N1
Aniline | Water | 80 104
Anisole : . 80 ' 218
Benzene : . 25 2504
- 80 1820
p-Chlorophenol - 80 99.8
2,4-Dimethylphenol . 80 76.8
Hydroquinone " 25 4.29
p-Hydroxybenzaldehyde . 80 206
p-Methoxyphenol " ' 80 77.2
Nitrobenzene . 80 2012
p-Nitrophenol . 80 50.6
Phenol " 25 63.5
* 53 55.2
- 80 44.3
Heptane 25 20.8
. 80" 3.44

Rcsorcinovl Water 25 : 0.61
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Phenol in Water

Extensive vapor-liquid equilibrium data are available
for aqueous solutions of phenocl in the temperature range
15-100°¢ (Markuzin, 1961; Schulek et al., 1964; Bogart et
al., 1948; Weller et al., 1963; and Shreinemakers, 1906).
Tsonopolous (1970) calculated activity coefficients at
"practically infinite dilution" using data from these
sources and equatioh 3.9 (rearranged). The values he
calculated from the data in the first four references are
plotted in Figure II-1. Gmehling (1977, 1981) analyzed the
data of Schreinemakers with the NRTL equation and the data
of Weller et al. with the UNIQUAC equation, and calculated
the remaining values in Figure II-1. The activity
coefficients calculated by Gmehling should be more accurate

than those calculated by Tsonopolous from the same data.

The equation

ln/'-—6.3588+6.0273x103%-0.86276x106%3 (171-95)

is the best fit of the points in Figure II-1 to a second
order polynomial, when the circled point is excluded, and
is plotted as a solid curve. Including the circled point-
in the regression analysis results in an internal maximum.
A linear fit of the points is poof (r2 = 0.766), while

higher order equations have internal inflection points

[ ¥
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and/or extrema. For these reasons Equation II-5 was used
in this work to determine activity coefficients for phenol

in water at temperatures between 15 and 100°cC.

Equation II-5 is an empirical fit without theoretical
basis. Thé:éguation is a tool to determine activity
coefficients that are reasonable in light of published
data. It should be noted, however, that there is some
theoretical support for a curve that is concave to the 1/T
axis. Tsonopoulos found this behavior for phenol in water
when he analyzed liquid-liquid mutual solubility data with
the van Laar equations and with the Wilson equation. The

curves lie below the data in Figure II-1, however.

Other Aromatic Compounds in Water

Tsonopolous (1970) calculated activity coefficients at
more than one temperature each for benzene, nitrobenzene,
aniline, p-nitrophenocl, and p-chlorophenol. Values at 80°C
were determined using equation II-4. Tsonopolous also
calculated the activity coefficients of hydroquinone and

resorcinol in aqueous solutions at 25°cC.

Activity coefficients were available at 25°C for
2,4-dimethylphenol (Banerjee, 1985) and anisole
(Tsonopolous, 1970). Values at 80°C were calculated from

equation II-4 with the parameter B set equal to zero.
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Activity coefficients for p-hydroxybenzaldehyde (phb)
and for p-methoxyphenol (pmp) were estimated from
solubility data. The solubility of phb at 30.59C is 13.8
g/l (Windholz, 1983), and the solubility of pmp at 25°C is
40 g/1 (Ve:schueren, 1983). Both compounds are solids at
these temperatures, so activity coefficients (/\) are

related to mole fraction solubilities (X;) by:

Lo 222(1- L | -
[ X—lexp[ RT(I Tm):l (11-6)

The variable (Aﬁ,).is the heaﬁ»of fusion of the pure solid
at temperature T, R is the gas constant, and.Tm is the
melting point of the solid. Unfortunately, heat of fusion
data were nbt available so, as an approximation, the |
exponential term was set equal to unity. Using the values
thus calculated, activity coefficients at 80°C were

obtained using equation II-4 with B set equal to zero.

Phenol in Heptane

Infinite dilution activity coefficients for phenol in -

heptane were estimated from solubiiity data using the

" UNIQMAC model for liquid phase nonidealities. The

governing equation is:

-» rl < er2
In =|n—+-qg,ln
[ i 2Q1 qar

r
*h‘;ﬁQ'QHnTm*qml'Tn)(”‘7)
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Solubility data and corresponding parameters (or means to
calculate them) for the UNIQUAC model are reported by

. Sofensen and Arlt (1979) for the temperatures 35, 40, 45,
and 50°C. Equation II-4 was used to obtain values at 25

and 80°cC.
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