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Abstract—Phenol adsorbs in two ways on activated carbons: by physisorption and chemisorption. During the
course of time and by raising the temperature, chemisorption is incressed and part of the physisorbed phenol
becomes chemisorbed. This phenof is impossible to remove as such. Upun heating to elevated temperatures it
decomposes, depositing carbon, resulting in a decrease in the adsorption capucity of activated carbons. By
studying this, we have been able to find adsorption conditions which prevent phenol chemisorption and yield
2 method of 100% regeneration of phenol-polluted activated casbons.
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1. INTRODUCTEON

Activated carbons are important absorbents for the re-
moval of arganic melecules from water. But their ad-
sorptive capacity decreases continuously with each re-
generation cycle. The most often applied method to
regenerate them is reactivation in oxidizing gases at el-
evated temperatures, which leads to high consumption
of carbon.

In order to improve the regeneration yield of activated
carbons polluted with organic molecules, some funda-
mental studies have already been conducted in this ficld
[ [—4].

Following a previous study carried out in the laboratory
{5] concerned with the treatment of activated carbon for
removal of phenol from water, we have tried to better
understand the mechanism of phenol adsorption on ac-
tivated carbons. From this study we have deduced a method
for using and regenerating activated carbons polluted with
phenol.

2, EXPERIMENTAL

Three activated carbons supplied by different com-
panics and a carbon derived (rem a copelymer of PVC
and PDVC were used. Important propertics are shown in
Table 1. Nitrogen and €O, surface areas were determined
from their adsorption sotherms meuasured at 77 K and
298 K, respectively, in a previous study(5].

All the adsorption experiments were carried out using
a 2000 ppm aqueous phenol solution. This concentration
was chosen because it corresponds to a surfuce coverage
from 90% to 100% by phenol, using 0.522 niy’ for the
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surface arca occupied by one phenol molecule. The ther-
mogravimetrie analysis curves (or TGA curves), on which
most of the results reported in this work are based, have
the same profile for a concentration range of 200 ppm to
10000 ppm of phenol in water. This means that our con-
clusions could have been drawn from cxperiments using
other concentrations of phenol in the indicated range.

The principle of our experiments was as follows: 100
mg of sctivated carbon were mixed with 100 ml of a
2000 ppm phenel agueous solution in 150 ml capacity
stopped hottles. The suspensions were shaken mechan-
ically for about 24 h and filtered. To investigate the
phenomenen of phenol adsorption on carbons, one or
several of the following operations were carried out on
each sample:

-——Determination of the fall in concentration of the
supernatant liquid using a Beckman DU2 spectrophoto-
meter.

—Drying of the sample generally in air at 383 K or
sometimes under a flow of purified N, at roem temper-
ature,

—On a fraction of the sample, performing a pro-
grammed thermodesorption up to 1223 K under a flow
rate at 100 ml/min of purified N,, giving a TGA curve,
For this thermodesarption, we used a Dupont 990 Ana-
lyzer, with a sensitivity of 0.2 mg/in and a heating rate
of 25 K/min.

Because ol the existence of some sccondary phenom-
cna, such as possible interaction between surface com-
plexes of as-received samples and solutions of phenol,
TGA curves representing the percentage of weight loss
versus lemperature for the same sample both unloaded
and loaded with phenol will be generally given in the
same figure, The correct curve is theoretically the dif-
ferance between these two curves.
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Table 1. Properties of us-received activated carbons

Mesh Ash Surface area (mz."g)
A 12x40 .18 973 B36
B 4x10 1.60 945 340
C Bx30 .70 835 566
il 40x70 < 50 ppm + 970 1650

3. RESULTS

3.1 Factors affecting thermal regeneration of
activated carbons loaded with phenol

On a sample of activated carbon A, we carried out our
experiment of phenol adsorption and thermodesorption
according to the process described above. We obtained
the TGA curve | of Fig. 1. On this curve it can be seen
that the weight foss versus temperature presents four
shoutders. The foot of the first shoulder begins at 383
K, the temperature at which this sample was dried. When
the samples are dried at room iemperature, this foot be-
gins to appear at about 353 K, which means that & small
quantity of adsorbed phenol is lost by heating at 383 K.
The three other shoulders appear between 623 K and 1223
K. These must correspond to the desorption or the de-
composition of phenol melecules adsorbed in differemt
ways or on different types of sites.

The first shoulder seems to correspond to the desorp-
tion of phenol molecules physisorbed on the surface. As
expected, the diminution of the temperature of adsorption
increases the magnitude of the first shoulder. Two sum-
ples of activated carbon A, pretreated at 1223 K in Ar
in order to increase the total quantity of adsorbed phenol
[5], were placed in contact with the usual phenol solution
for 24 h at two different temperatures, 268 K and 285
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K. One porton of these two samples was immediately
dricd at room temperature in N, untif reaching a constant
weight, It had been determined previously that all the
watcr physisorbed on the surface was removed by such
& treatment. Then, a thermodesorption was performed on
this portion, giving the TGA curves | and 2 of Fig. 2.
The shoulder of the curve corresponding to the adsorption
temperature of 285 K is higher than the shoulder corre-
sponding to the adsorption temperature of 298 K. As the
surface areas, the solutions used, and the duration of
contact of the samples with these solutions were the same,
this differcnce can be explained by the nature of adsorp-
tion which could be 2 physisorption.

This hypothesis is confirmed by the fact that many
current solvents of phenol can desorb the phenol corre-
sponding to this first part of the TGA curves almost
completely, the remaining part being unchanged. Sam-
ples of activated carbons loaded with phenol using the
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Fig. 2. 10 TGA curve for activated carbon A heat-treated s
1223 K i Ar. in contact withi 2000 ppm phenol sulution for 24
I at 298 K and immedintely dried at reom temperature, 2; The
same as [ bul in contaet with phenot solution at 285 K. 3: The
same as 1 but dried 6 h after the end of the adsorption experinent,
£ The same as 1 but dried 24 h. 3: The same as 2 but dried at
383 K. 60 The same as | but i coatiet with the phenol solution
for 48 h.
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usual conditions and dried at 383 K were then washed
with differeni solvents at their boiling temperature for [5
h. Programmed thermodeserptions were performed on
samples not treated and treated by solveats. Absolute
ethanol, absolute methanol, cther, acetone, benzenc and
water were used. Except for the sample treated with water,
all the TGA curves corresponding to samples treated with
solvents do not have the fiest shoulder. Oaly the results
obtained with absolute alcohol (Fig. 3. curve 2) and with
acetone {Fig. 4, curve 2) are presented here. The exper-
iments with absolute alcohol were carried out with ac-
tivated carbon A heat-treated at 1223 K in Ar. The ex-
periments with acctone were carried out with as-received
activated carbon A. Curves 3 (Figs. 3 and 4) represent
the TGA curves corresponding to samples not placed in
contact with phenol before the treatment with a solvent.
Comparison of curves 3 and curves 4, corresponding to
samples not loaded with solvent, shows that these two
solvents are slightly adsorbed on activated carbons. This
phenomenon also exists with the other solvents and is
particularly marked with cther and benzene.

The fact that the phenol solvents can remove the phenol
responsible for the first shoulder of the TGA curves |
can be explained by the nature of bonding existing be-
tween phenol and activated carbons. This bonding must
be weak and of the type characterizing physisorption.

The three other shoulders {curve 1, Fig. 1) seem to
correspond to the decomposition of phenol molecules
chemisarbed on the surface of activated carbons. We have
already noted that these three shoulders remain un-
changed by treating the poliuted samples of activated
carbons with solvents {curves 2, Figs. 3 and 4). In ad-
dition, when samples loaded with phenol are heat-treated
up to 1223 K, they do not return to their initial weight;
there is a weight increase. On a sample of activaied
carbon A pretreated up to 1223 K in N, we successively
carried out scveral times the different operations de-
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Fig. 3. 11 TGA curve for activated carbon A heat-greated st

1223 K in Ar, placed in eoatict with 2000 ppm phenol solution
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A heat-sreated at 1223 K.
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Fig. 4. §: TGA curve tor as-recebved activined carbon A, placed

in contact with 2000 ppm phenol solution for 24 b, dried a1 383

k. 2: The same us [, but washed with boiling acetoae for 15

after drying at 383 K. 3: TGA curve for as-received activited

carbon A, washed in acetone. 4 TGA curve for as-received
activated carbon A.

scribed in the experimental section: adsorption of phenol
at 298 K. measurement of the phenol up-take by spec-
trophotometry, drying at 383 K, programmed thermo-
desorption up to 1223 K and weighing. The results are
given in Table 2. After cach run the final weight in-
creases. This increase cannot be due to phenol molecules
remaining on the surface, for at 1223 K these moleeules
arc decomposed; thus, it is certainly due to carbon atoms
coming from this decompaosition. This means that phenol
motecules had to be strangly bonded to the surface, cer-
tainly with a bonding of the chemisorption type.

This weight increase is accompanied by a decrease in
subsequent phenol uptake. The decrease of phenol uptake
could be explained either by a change in the nature of
the surface or by a diminution of the surface area. But
a TGA curve carried out on the sample after the last run
{curve 5, Fig. 3) presents nearly the same general shape
as the corresponding curve for our initial sample (curve
I, Fig. 5). This suggests that the nature of the surface is
not changed by cycling, at least not the part of the surface
within reach of phenol molecules.

On this sample and after the third run, ¥ N, and €O,
surface arcas were determined from their adsorption iso-
therms measured at 77 K and 298 K, respectively. The
results were 376 mY/g with N, and 524 m?/g with COy;
the corresponding values for the initial sample being 975
m*/g and 836 m*/g. Not only did the surface arcas de-
crease following cycling, but also the N, surface is lower
than the CQ, surface area following cycling. Before cy-
cling the as-received carbon had a higher N, surface arca.
This means that the smallest pores have been closed,
which explains the general diminution of surface area.

TAll these experiments were done simultaneously on two iden-
tical samples.
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Table 2. Cyelieai adsorption of phenol on carbon A followed by regeneration

Phenol up-take

Initial Weight

mg of Phencl/100 mg

Final Weight

g of carbon me
160.0 25.2 103.6
103.6 2201 112.0
112,0 20.0 118.5
118.53 18.2 -

Furthermore, seme of the other pores now have their
apertures diminished so that N, can no fonger emter be-
cause of the low adsorption temperature. However, CO,
can enter the corresponding pores because of the higher
adsorption temperature and smaller minimum dimension
of CO,. The quantitics of phenol adsorbed always re-
mained neuarly propertional to the CO; surface areas.

To summarize, we can sy that the phenol responsible
for the last three shoulders of the curve 1 (Fig. 1) scems
to be chemisorbed. This phenot instead of being cvolved
by increasing the temperature is decomposed on the sur-
face, closing some pores and diminishing the apertures
of others with carbon atoms, the product of this decom-
position, Thus the total surface area and, therefore, the
surface area accessible to phenol decreases.

Weight Loss, &

T T T
773 973 1173

Tempergture, K
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3

Fig. 5. 1: TGA curve for activated carbon A Tieat-treated in N,
at 1223 K, placed in contact with 2000 ppm phenot solution for
24 h, dried wt 383 K. 2 The same for activated carbon €. 3:
The same for activated casbon B, 4 The siume for activated
carbon . 5: TGA curve for activated carbon B heat-treated in
N: and three times subjected to adsorption of phenol and beat-
treatment at 1223 K in N, subjected to adsorption of phenot
wmd dried at 383 K.

+1f the method used 1o regenerate is not strong enough to
decompose the chemisorbed phenol, then the decrease of surface
area and of phenol capacity must be greater due to the larger
size of the phenol molecule.

These phenomena can certainly explain the difficulty
in regenerating activated carbons used to purify drinking
witer polluted with phenol. They must be avoided as far
as possible; and in order to find out some ways of avoid-
ing them, phenol chemisorption was particularly studied.
As-reccived activated carbon A was heated in N; up to
1223 K and subjected to the usual adsorption operations,
This sample was then divided in four parts. The first part
was dried st room temperature until reaching a constant
weight and then a thermodesorption was carried out giv-
ing the TGA curve I (Fig. 2). After 6 I the same ex-
periment was carried out on the second part of the sample,
this second part having been left ut room temperature in
air. The result is the TGA curve 3 (Fig. 2). After 24 h,
once again the sanie experiment on the third past gives
the curve 4 (Fig. 2}. Comparing the curves 1, 3 and 4
{(Fig. 2), we can sec that the total weight loss is nearly
the same within the precision limits for the three exper-
iments. But the distribution of phenol between the four
“types of sites”” has changed: comparing curves 3 and
4 with cueve 1 (Fig. 2) we can sce that some phenol fixed
at first, on the first *type of sites”" (first shoulder) is now
fixed on the other “*types of sites™ (last purt of the curves).
This is to say somc phenol which was physisorbed is
now chemisorbed,

The fourth part of the sample was then dried at 383
K. Carve 5 {Fig. 2) is the corresponding TGA curve,
The right-hand parnt of the carve (the last 3 shoulders)
has definitely changed. Because of the higher drying
temperature, 383 K, a large part of the physisorbed phenot
has become chemisorbed. The total weight loss has been
reduced over that found for runs [, 3 and 4 since sig-
nificant physisorbed phenol has also been desorbed at
383 K, prior to commencing the TGA run.

On the same initial sample of carbon A, adsorption of
phenol was performed for 48 h instead of 24 h, in order
to see whether the sime increase of chemisorption to the
detriment of physisorption also occurs in aqucous solu-
tion. The TGA curve oblained, curve 6 (Fig. 2).is very
simitar to curve 4, with, of course, an increase of total
weight loss duc to an increase in total phenol uptake
caused by a difference in duration of adsorption. These
results show that, as expected for chemisorption, the
quantity of phenol taken up increases slowly with the
time of contact of the phenol solution with the adsorbent.
Comparing curves [ and 2 (Fig. 2}, presented 1o study
the physisorptien of phenol, we car also sce that the part
corresponding to chemisorption is more developed for
curve | obtained after adsorption at 298 K than for curve
2 obtained after adsorption at 2835 K; that is, chemisorp-
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tion increases with adsorption temperature. However, it
is noteworthy to find that when the sample is no longer
in contact with the phenol solution, some of the phenol
physiserbed can become chemisorbed. This transfor-
mation increases with both increasing time and temper-
ature.

3.2 Sites for phenol chemisorption on activared carbon

Considering the fact that physisorbed phenol can be-
come chemisorbed in the course of time or by increasing
the temperature, it is possible that physisorption and
chemiserption occur on the same types of sites—those
sites which represent nearly all the surface arca, since
for our experiments the surface coverage is about 90%
to 100%. But comparing the TGA curve corresponding
to an as-received sample {curve 1, Fig. [) with the onc
corresponding to a sample of the same activated carbon
heated up to 1223 K (curve 5, Fig. 2). we can see that,
in spite of very little change in the surface area, chem-
isorption is higher for the latter sample. We therefore
conclude that chemisorption occurs on particidar sites
which are modified by heating at 1223 K.

Three possible types of sites can be distinguished on
activated carbon, to a first approximation: sites consti-

tuted by impurities. sites constituted by carbon atoms of

the basal planes of graphite-like microcrystallites, and
sites constituted by carbon atoms of the edges at the basal
planes. also called active surfuce arca. ASA. The hy-
pothesis of chemisorption on impurities can be supported
by the difference observed in the TGA curves obtained
with activated carbon A (curve [, Fig. 1} and activated
carbon C {curve 2, Fig. 1). Carbon A is more impure
(7. 1% ash) than C (0.70% ash) and also has a TGA curve
which presents the most developed part corresponding to
chemisorption.

To try to establish the validity of this hypothesis, four
samples different in origin and particularly in purity (see
Table [ were heated to 1223 K and subjected 1o the usual
adsorption and thermodesorption operations after drying
at 383 K. The general shape of the comesponding TGA
curves (curves 1-4, Fig. 3) is nearly the same; therefore
chemisorption dees not take place primarily on impurity
sites. Furthermore, the shoulders always appear at the
same temperatures for the four samples, in spite of widely
different origin and porosity. This shows that the shoul-
ders manifest a desorption or decomposition effect and
not a secondary effect such as, for example, phenol dif-
fusion through the porosity.

Among the other two possible types of sites, the ASA
is the most likely to chemisorb organic molecules. Thus,
occupying this surface by oxygen, for example, before
cxposure to phenol should be a means of determining its
possible role in the chemisorption of phenol. Three sam-
ples of each of the activated carbons A, C and D were
chosen for the study. The first samples were heated from
room temperature to 1223 K in N, and subjected to the
usual operations of pheno! adsorption and thermodesorp-
tion {TGA curves i, 1" and 1", Fig. 6). The second
samples were heated to 1223 K in N., heated a8 573 K
in 0.1 MPa O, for 15 h, and subjected to the usual op-
erations of phenol adsorption and thermodesorption (TGA

curves, 2, 2', and 2", Fig. 6), The third samples were
heated from room temperature to 1223 K in N,, heated
at 373 K in 0.1 MPa O, for 15 h. and subjected only to
the operation of thermodesorption (TGA curves, 3, 3,
and 3”, Fig. 6).

Comparing curves 2 with curves 3, we can sce that
the high temperature parts are very similar: they bend
upwards. This is due to the outgassing of oxygen surface
complexes. In fact the weight loss corresponding to the
curves 2 is less thun the weight loss corresponding to the
curves 3 for the highest temperatures, The difference
between the two types of curves gives curves looking
like curve 4 (Fig. 6) which bends downward; but this
unexpected behavior must be a secondary phenomenon
due to interaction between phenol or water with oxygen
surface complexes.

If we compare curves 2 with curves |, we can ascertain
that, although the two types of samples were heated at
383 K after adsorption, the part of the curves correspond-
ing 1o physisarbed phenol is more developed for curves
2 than for curves 1. But, on the other band, the parts of
the curves corresponding to chemisorbed pherol are much
more devefoped for curves 1 than for curves 2. This
means that the phenol physisorbed op oxidized samples
is not converted from the physisorbed state to a chemi-
sorbed stite at 383 K., presumably because of the presence
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Fig. 6. £, " and " TGA curves for activated carbons A, C
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samples not in contact with phenot solution. 4: Difference be-
tween curves 2 and 3.



106

of oxygen on the sites on which phenol usundly chemi-
sorbed.

Therclore, since chemisorption of phenol mkes place
on cach activated carbon regardless of purity and is in-
hibited by the presence of oxygen sarface complexes, it
is concloded that the sites responsible for phenol chem-
isorption are carbon sites of the active surfuce area.

In conclusion, # appears that two types of phenol ad-
sorption are possible on activated carbons, The first type
seems to be physisorption which oceurs on all the sarface.
The phenol adsorbed in this way is removed by most of
the solvents for phierol. The second type of adsoerption
is chemisorption, which oceurs on the ASA. The phenol
adsorbed in this way cannot be removed by solvents, By
mereasing the temperature. chemisorbed phenot is ex-
peeted to decompose. feaving carbon atoms on the sur-
face. This process must be responsible for the decreasing
upiake of phenol on activated carbons after usc. In the
course of time and by increasing temperature, a part of
the physisorbed phenol becomes chemisorbed. Mild ox-
idation of activated carbons by oxygen at 373 K reduces
the chemisorption of phenol,

3.3 An approach 1o make activared carbons more
easify regenerable

The above fundamental study allows us to foresce that
to be able to regenerate activated carbons potluted with

Table 3. Cyclical studies

P Maane and P, L, WALKER. JR,

phenol chemisorption of phenol must be aveided as far
as possible by fulfilling the following conditions.

~—Mild oxidation of activated carbons by oxygen.

—Time reduced between the first contact of activated
-arbon with phenol and the process of regeneration.

—Temperiture of activated carbon preferably low dar-
ing its contact with phenol.

These conditions being met the best way to regenerate
seems to be the utilization of a solvent of phenol. Four
different samples were chosen for this study: Activated
carbons A and C heated 1o 1223 K in N, and activated
carbons A and C hewted to 1223 K in N, and oxidized
at 573 K in Q, for 15 h, These samples were called
respectively A', C', A* and C°. The solvent used was
absolute ethanol. The operationaf conditions were changed
several times. The results are given in Table 3. These
data show that:

(iy The phenol adsorption capacity of the sumples de-
gassed up to 1223 K decreases significantly with cycling,
as expected. this decrease being due to chiemisorbed phenol
which is nol removed (samples A' and C').

(ii) Decreasing the temperature of adsorption increases
the uptake of phenob. This increase is duc to an increase
of physisorbed phenol.

on selected uctiviated casbons

Weight Haight
Initial  Adsorprion Up-take afrer 2 b afczer 5 min
Weighs Temperacure of Phenol Solvent 4c 183 K ar 373 K
Sample mg K ap/ 100 mu € {see note) in air in G4
50.0 293 25.2 (1) 3.0 51L.5
R 5.5 285 5.2 (1} 53.5 53.5
! 51.5 293 21.9 (1) - -
- 293 1.4 (3} 54.0 54.0
50.0 293 1.9 (&8 51.5 51,5
1 51,5 85 19.7 (1) 53.0 52.8
¢ 52.8 293 6.5 2) - -
- 293 15.2 (3) 53.3 53.5
5.0 293 2.6 (L 49,5 49.0
Y 4G.0 285 24,2 (1) 49.3 -
* 49.5 293 22.3 (1) - -
- 93 0.6 3 50.5 0.2
50.2 293 22,3 (4) 52.5 52.5
50.0 293 20.¢ (1) 55.0 30.0
5.0 285 1.6 (1) 50.5 -
¢? 56.5 293 20.6 @) - -
- 291 9.0 {3) 51.0 5:.0
51.¢ 293 20.3 {4) 54.0 54.0
(1) Absolute ethanol at 193K,
(2) Absolute cthanol ar 293 K but sample not drled before reuse.
(3) Absolute ethanol already used once.
(4) Msolute aethanol concaining an amount of phenol cevresponding to 100 regener-

atlons using the

here described conditions,
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(iti) If cthanol on the sample after regencration is nat
removed by drying, the subscquent phenol capacity of
the sample decreases. That is to say, although water is
very miscible with aleohol, ethanol seems to be too strongly
adsorbed an activated carbon to be removed by the water
of the agueous solution of phenol.

(iv} But if ethanol is removed by drying in the follow-
ing run, the sample returns to its initial capacity.

{v) Heating the sample to 383 K seems to be sufficient
to remove adsorbed ethanol from the surface of activated
carbons.

(vi) Regeneration obtained by alcohol used once, seems
ta be complete, in spite of a slight increase of the [inal
weight.

(vii) Regeneration obtained by alcohol used 100 times
is not complete,

(viit) Chemisorption of oxygen on activated carbons
at 573 K prior to phenol adsorption reduces the initial
capacity of the carbon for phenol but makes it more
regenerable, The result is that after several cycles the
oxidized carbon has a greater capacity for phenol.

In spite of the good regencration obtained by absolute
cthanol, when all the conditions described above are sat-
isfied, it is possible that after much use, activated carbons
lose their phenol adsorption capacity, due to the presence
of chemisorbed phenol. They then need to be regenerated
in another way. A 50 mg sample of the A® type (heated
at 1223 K in N, and oxidized at 573 K in O,) was placed
in contact with phenol solutions and regenerated by heat-
ing at 623 K in O, for 5 min, three times, thus allowing

GAR 24:2-B

some physisorbed phenol to be chemisorbed. This tem-
perature was also chosen because it corresponds to the
end of the first shoulder of the TGA curves where all the
physisorbed pherol must be removed but where the chem-
isorbed phenol is not yet decomposed. When the phenol
uptake had decreased to 13 mg/ 100 myg of initial activated
carbon and the weight has increased to 56 mg, we tried
to regeneridde the sample by heating it in G, at 373 K
until reaching nearly the initial weight, 49.8 mg, [t seems
that by such treatment the chemisorbed phenol molecules
arc bumt preferably with respect o the C atoms of the
activated carbons. the new phenol uptake was [9.0 mg/
100 mg of activated carbon. Two other adsorption ¢Xx-
periments foflowed by the same regeneration on this sam-
ple give successively an uptake of 18.4 myg and (6.8 mg.
Thus we can sce that heating activated carbons, partially
deactivated by chemisarbed phenol, in O; at 573 K until
reaching the initial weight does not give a complete re-
zeneration but allows these carbons to be reused.
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