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SYNOPSIS

Mixtures of novolac resin and olive stone biomass are cured and pyrolyzed at different
temperatures to yield carbonaceous adsorbents. The weight losses and the shrinkages taking
place in the carbonization process increase up to ca. 600°C. The pyrolysis residues are
investigated with respect to their ability to adsorb toluene and cyclohexane from the vapor
phase. Toluene is adsorbed on all adsorbents stronger than cyclohexane. The overall diffusion
coeflicient D of the adsorption process, the specific surface area, and the pore volume of
the adsorbents are calculated. The adsorptive properties of the products are interpreted
taking into account the size and shape of the pores, the polarity of the adsorbate, and the
dispersion forces between adsorbent and adsorbate. Slit-shaped pores, which are charac-
teristic of carbon molecular sieves, are likely to be present in the adsorbents which are
pyrolyzed at higher temperatures and particularly at 1000°C. This adsorbent shows the
highest adsorption concerning the equilibrium uptake, specific surface area, and pore volume
of toluene and cyclohexane. However, the diffusion coeflicient D is lower as more micropores

are present. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Adsorption is an important unit operation for the
separation of substances from the liquid or vapor
phases. Nowadays, the feasibility of replacing dis-
tillation by adsorption, in order to reduce the energy
consumption, is pursued. Hybrid processes combin-
ing adsorption with distillation are among the more
promising approaches for the separation of mixtures,
e.g., of propane and propylene.’* Although common
commercial activated carbon has a greater capacity
for both propane and propylene than silica gel and
molecular sieve 13X, it is only slightly selective for
propylene.! The use of activated carbon for the re-
moval of toxic organic contaminants, like chlor-
fluorcarbons and other halocarbons, as well as heavy
metals like Cd(II), Hg(Il) from aqueous solutions
constitutes an interesting research and application
field.>®
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Commercial activated carbons are produced pri-
marily from carbonaceous materials like coals, peat,
wood, coconut, and petroleum coke with thermal or
chemical activation processes.®” The demand for
activated carbons having modified properties in
comparison to common activated carbons led to the
development of commercial activated carbons based
on the carbonization of typical synthetic polymers,
like macroreticular styrene/divinylbenzene copoly-
mers which are used, e.g., in drinking water treat-
ment.%® On the other hand, natural polymers such
as lignocellulosic are nowadays very important as
polymeric raw materials combined or not with syn-
thetic polymers like phenolic, epoxy resins, etc.>2
The use of agricultural waste by-products, like pea-
nut hulls, etc., led to the production of low-cost ad-
sorbents.?

Polymeric carbon adsorbents have also been pro-
duced by using appropriate mixtures of novolac resin
(NR) with olive stone biomass (OLB) which is an
agricultural by-product produced in very large quan-
tities in mediterannean and other countries.!®®
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Cured and pyrolyzed composites of NR/OLB with
compositions varying from 20/80 to 75/25 NR/OLB
exhibited at temperatures up to ca. 600°C, lower
weight losses more than expected by the rule of mix-
tures, due to additional crosslinkages of lignin with
hexamethylenetetramine. Such mixtures show dif-
ferences in their pyrolysis mechanism from what
would be expected from the pyrolysis of NR and
OLB alone.” Furthermore, cured and pyrolyzed
composites of NR/OLB = 20/80, as well as other
similar mixtures or 100% NR and 100% OLB, adsorb
more toluene and cyclohexane from the vapor phase.
The aim of this work is to investigate the sorption
properties of adsorbents produced by novolac-bio-
mass mixtures in the optimum proportion of 20/80
at different pyrolysis temperatures. The vapor phase
adsorption of toluene and cyclohexane will be in-
vestigated.

EXPERIMENTAL

Adsorbent Preparation

Carbonaceous adsorbents were produced from no-
volac resin and biomass in the proportion of 20/80
w/w.!3* The resin was prepared by polymerization
of phenol and formaldehyde (in proportion 1.22 : 1
mol/mol) with oxalic acid as catalyst (in proportion
1.5% w/w phenol) after which the resin was sepa-

rated, dried, and pulverized. Biomass consisted of
the agricultural/industrial by-product that is left
from olives after pressing and separation of the oil.
It was dried, ground, and sifted to yield grains with
a diameter less than 300 um. Hexamethylenetetra-
mine (viz., hexa) was used as the curing agent of
novolac in proportion 7 : 2 wt novolac/wt hexa.
Mixtures of biomass with novolac~hexa were formed
as small cylinders after curing at 170°C for 30 min.
Carbonization of the cured specimens was accom-
plished in a cylindrical tube oven under the contin-
uous flow of Ny. The oven was heated at different
temperatures (between 500 and 1000°C) at the rate
of 4°C/min, after which the samples remained in
the oven for a further 10 min and subsequently
cooled to room temperature and kept under vacuum.

Characterization by Sorption

The adsorbents produced by carbonization of the
cured material were degassed prior to use under vac-
uum at 200°C for 3 h. Toluene and cyclohexane,
used for the vapor phase adsorption, were reagent
grade. For the vapor phase adsorption experiments
a quartz spring apparatus including a Griffin and
George cathetometer was used. This apparatus is
described in detail in Refs. 18 and 19. All sorption
experiments were conducted at 20°C and 0.1 pres-
sure relative to the saturation pressure of the vapor
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Figure 1 Weight loss (1) and shrinkage (2) vs. novolac contained in the initial mixture:
(AG) weight loss, (G,) initial weight, (AL) shrinkage, (L) initial length.
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Figure 2 Adsorption of toluene vs. time: x, adsorbed amount of vapor and m, amount of
carbonaceous adsorbent. (1) 1000°C, (2) 900°C, (3) 800°C, (4) 600°C, and (5) 500°C.

at this temperature. It is a common practice to de-
termine micropore volumes at relative pressures in
the range 0.01 to 0.2.20:%

RESULTS

Figure 1 shows the weight losses and shrinkages of
the materials during the carbonization process up
to 1000°C. It is observed that they increase with
increasing pyrolysis temperature and especially up
to 600°C. The plots of the change in weight and
length versus pyrolysis temperature follow almost
parallel curves.

Figures 2 and 3 show the weight of the adsorbed
vapor (toluene and cyclohexane, respectively) per
unit weight of adsorbate (viz., uptake) versus time,
for the adsorbents pyrolyzed at different tempera-
tures. The curves show initially a strong increase
up to about ¢ = 30 min, after which they are gradually
stabilized at about ¢ = 60 min. The behavior of all
adsorbents against both adsorbates toluene and cy-
clohexane is qualitatively similar. Both toluene and
cyclohexane are slightly adsorbed on the adsorbents
pyrolyzed up to 600°C. The adsorption of toluene is
remarkably higher than that of cyclohexane for the
corresponding adsorbents pyrolyzed above 800°C.

If the particles can be approximated as uniformly

porous spherical bodies of fixed size, then diffusion
theory shows that diffusion controlled uptake into
an initially empty solid from a gas phase at fixed
pressure can be approximated at small times by the
equation:?>%

2

Q-Q _6 (p_t)w o
Qoo - QO V’l—r a

where Q,, §y, Q.. are the amounts adsorbed at time
t, when t = 0, and at equilibrium (¢ > o), respec-
tively. D is the diffusion coefficient, assumed to be
independent of concentration, and a is the effective
radius of the particle.

The calculation of D depends on parameter a
which is difficult to determine. Different consider-
ations concerning the type and the values of param-
eter a have been reported in the literature. In many
cases of carbonaceous adsorbents, parameter a can
be set equal to the particle radius r.2>-2°

Figures 4 and 5 show the ratio of the vapor uptake
at time ¢ divided by the corresponding equilibrium
value, against the square root of the time. Similar
behavior is observed in the adsorption of both tol-
uene and cyclohexane. The quantity D/a® can be
calculated by the initial slopes of the curves of Fig-
ures 4 and 5.% Then, the diffusion coefficients D are
calculated by using the above equation considering
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Figure 3 Adsorption of cyclohexane vs. time: x, adsorbed amount of vapor and m, amount
of carbonaceous adsorbent. (1) 1000°C, (2) 900°C, (3) 800°C, (4) 600°C, and (5) 500°C.

the particle radius r in place of the parameter a. The samples used. The calculated values of D/a® and D
particle radius r is the radius of a sphere having are given in Table 1. From the plot of D versus py-
equal external surface to that of the cylindrical rolysis temperature T (Fig. 6), three ranges can be
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Figure 4 Ratio (@, — Q)/(Q. — &) vs. the square root of time for the adsorption of

toluene. @., v, Q.. = the amounts adsorbed at time ¢, t = 0, and at equilibrium (¢ > ),
respectively. (1) 1000°C, (2) 900°C, (3) 800°C, (4) 600°C, and (5) 500°C.
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Figure 5 Ratio (@, — Q)/(Q. — &) vs. the square root of time for the adsorption of
cyclohexane. @,, @, €. = the amounts adsorbed at time ¢, t = 0, and at equilibrium (¢
> o), respectively. (1) 1000°C, (2) 900°C, (3) 800°C, (4) 600°C, and (5) 500°C.

distinguished according to the adsorption of toluene: A, = (Xn/M)a,L X 107%

500°C < T < 600°C, 600°C < T < 800°C, 800°C

< T < 1000°C and according to the adsorption of
cyclohexane: 500°C < T < 800°C, 800°C < T <
900°C, 900°C < T < 1000°C. D increases in the first
region, then remains almost constant for toluene,
and in the third region it decreases. At 1000°C D
has the same value for both vapors.

The specific surface area A, (in m?/g) can be cal-
culated from the equation:?

where X, is the monolayer capacity in grams of ad-
sorbate per gram of solid obtained from the equilib-
rium value of adsorption (assuming complete cov-
erage of the monolayer at relative pressure 0.1;
Refs. 20 and 21), M is the molecular weight of the
adsorbate (i.e., toluene or cyclohexane), a,, is the
average area occupied by a molecule of adsorbate in
the completed monolayer, and L is the Avogadro

Table I Diffusion Coefficients According to the Diffusion
Equation (1)

Radius a
T, °C Vapor D/a? (s71) (mm) D (cm?/s)
500 Toluene 3.2 X 107° 1.2 4.7 X 1077
600 3.6 X 107° 5.2 X 1077
800 3.5 X 1078 5.1 X 1077
900 3.3 X 107° 4.8 X 1077
1000 3.1x107° 4.5 X 1077
500 Cyclohexane 3.0 X 10°° 1.2 4.4 X 1077
600 3.2 X 107° 4.6 X 1077
800 3.3 X 107° 4.7 X 1077
900 3.4 X 10°® 4.9 X 1077
1000 3.1 X 107 4.5 X 1077
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Figure 6 Diffusion coefficient D vs. the pyrolysis temperature 7.
constant. According to Ref. 27, the values of a,, are Vo = Xn/p

0.38 nm? and 0.46 nm? for cyclohexane and toluene,
respectively.

Assuming that the volume of adsorbed vapor of
the liquid fill up all the pores with diameter greater
than the molecular diameter of the adsorbate mol-
ecule, then the pore volume (in cm®/g) can be cal-
culated from the vapor phase adsorption according
to the equation:

where p is the density of the adsorbate.

Figures 7 and 8 show the results of the specific
surface area A, and the pore volume V, for the ad-
sorption of toluene and cyclohexane on the adsor-
bents. The adsorbent pyrolyzed at 1000°C shows the
highest values for A, and V. A very low increase is
observed between 500 and 600°C and a strong in-
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Figure 7 Specific surface area A, for the adsorption of toluene (shaded) and cyclohexane

(blank).
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Figure 8 Pore volume V, for the adsorption of toluene (shaded) and cyclohexane (blank).

crease above 800°C. A, and V|, are higher for the
adsorption of toluene than cyclohexane.

DISCUSSION

It is apparent from Figures 2 and 3 that the relative
order of the adsorbents with respect to increasing
vapor uptake is in both cases the same:

1. Very low between 500 and 600°C.
2. Intermediate at 800°C.
3. High between 900 and 1000°C.

The carbonaceous residues obtained at different
pyrolysis temperatures have different porous struc-
tures, which facilitate more or less the adsorption.
The adsorbent pyrolyzed at 1000°C seems to have
the best porous structure concerning the adsorption
of toluene and cyclohexane.

These three regions are in agreement with the
results of D (see Fig. 6), particularly for the adsorp-
tion of toluene. The higher adsorption rate, equilib-
rium value (Figs. 2 and 3), and D in uptaking toluene
with respect to cyclohexane give evidence that the
adsorbent has a selectivity for toluene. The adsorp-
tion of an adsorbate on an adsorbent depends on
many parameters, such as the pore size of the ad-
sorbent and their distribution, the shape of the pores,
the molecular size and the shape of the adsorbate,
the polarity of the adsorbent, the adsorbate, etc.

Generally, it is difficult to evaluate the importance
of these parameters, and especially for carbonaceous
adsorbents which generally, in contrast to other ad-
sorbents like zeolites, do not have a uniform pore
structure.

The increase of D for toluene between 500 and
600°C can be explained from the high weight loss
(see Fig. 1) which lead to the formation of macro-
pores which facilitate the diffusion. Shrinkage takes
place mainly as a geometrical reduction of dimen-
sions of the material leading to the formation of
wider pores. Above 800°C the weight loss is very
low, as well as the shrinkage. It seems that in this
region more micropores are formed. These pores
contribute to higher A, and V), (Figs. 7 and 8), but
the diffusion is hindered and therefore D is lower.
The behavior of cyclohexane shows some deviations
between 600 and 800°C which can be attributed to
its molecular shape (see below).

Concerning the molecular diameters of the ad-
sorbate, the cyclohexane has the value of 4.8 X 6.8
A" and toluene the value of 6.6 A.2® Cyclic com-
pounds, like benzene and cyclohexane which have
planar and large molecules, are more suitable to be
adsorbed into slit-shaped pores.?®? Carbon molec-
ular sieves prepared by the pyrolysis of polyvinyl-
benzene, polyfurfurylalcohol, etc. should have slit-
shaped pores which give them their molecular sieve
properties.*

The adsorbates used differ not only in their mo-
lecular diameter but also in the shape of their mol-
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ecules and the polarity. Both toluene and cyclohex-
ane have flat molecules but cyclohexane occurs in
two different conformations, i.e., armchair and boat
form, the former being more stable.! On the other
hand, the dipole moment of the toluene is 1.13 (10%°
X p in Cm) and that of the cyclohexane is zero.?
Above about 800°C starts the formation of graphitic
ribbon network structures as opposed to the exten-
sive graphitic sheets which must exist in graphitic
carbons.®® The dispersion forces between the aro-
matic r-electron system of toluene and the = band
of the graphitelike planes of the carbon are also re-
sponsible for adsorption.?*

In conclusion, the adsorbents derived from the
mixture of novolac-biomass = 20/80 and pyrolyzed
at higher temperatures and particularly at 1000°C
seem to contain slit-shaped pores which are char-
acteristic of carbon molecular sieves. Toluene can
penetrate into more pores than the cyclohexane for
the adsorbents used. The adsorbent pyrolyzed at
1000°C shows the highest adsorption (with respect
to equilibrium uptake, specific surface area, and pore
volume) for toluene and cyclohexane. However, the
diffusion coefficient D is lower as more micropores
are present.
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