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Abstract Adsorption of acetone from cyclohexane on sil-
ica, alumina, coal, natural and leached chrysotile was in-
vestigated. Adsorption phenomenon was investigated by
non-linear fitting, considering the Langmuir or Freundlich
models. According to non-linear regression, coal present
the highest KL (12.07) and KF (9.115) parameters. Sil-
ica and leached chrysotile exhibited similar behavior in
terms of both KL and KF parameters. Alumina presented
the highest adsorption capacity according to both Langmuir
(qm = 58.689) and Freundlich (1/n = 0.844) models. Non-
supported Ziegler-Natta catalyst systems were shown to be
more sensitive to acetone contamination. For the polymer-
ization reactions carried on with contaminated solvent after
the percolation through the adsorbents, good results were
observed in the case of silica and alumina. Coal was not suit-
able for use in this catalyst system, probably due to leaching
of organic components by the solvent (cyclohexane).
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1 Introduction

Adsorption has been found to be an efficient and eco-
nomic process to remove contamination from industrial sol-
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vents. In recent years, minerals and their natural or modi-
fied forms have been investigated as adsorbent (Deosarkar
and Pangarkar 2004; Li et al. 2005; Zulkali et al. 2006;
Kumar and Silvanesan 2006). Examples, such as celestite
(Ozkan et al. 2006), bentonite (Li et al. 2006), chrysotile
(Valentin and Joekes 2006a), bauxite (Bhakat et al. 2006),
talc mineral (Casanova et al. 2007), montmorillonite clays
(Khaldoun et al. 2006) and kaolin (Wan and Liu 2006) have
been recently reported in the literature.

The most commonly used property to design adsorption
systems is the equilibrium information contained in adsorp-
tion isotherms, which are described by an equation, repre-
senting data collected after the adsorbate-containing fluid
phase has been in contact with the adsorbent for sufficient
time to reach equilibrium at a constant temperature. The
different parameters and the underlying thermodynamic as-
sumptions of theses equilibrium models often provide some
insight about the sorption mechanism, and about the sur-
face properties and the affinity of the adsorbent. The Lang-
muir and Freundlich models are the most commonly used
isotherms to describe the adsorption equilibrium.

Currently sorption processes have been proved to be
effective for removal of organic and inorganic pollutants
from wastewater (Kumar and Sivanesan 2007). However,
such processes can be extended for removal of impurities
in the most varied systems. Some industrial processes de-
mand specific control of contaminants. For instance, poly-
merization catalysts, such as Philips (Cr/SiO2) or Ziegler-
Natta (TiCl4/MgCl2) catalysts are strongly inhibited by
alcohols, organic amines and sulfides (Eley et al. 1973;
Ballard et al. 1976; Grayson and McDaniel 1991; Vizen
et al. 1994). For Ziegler-Natta catalysts, traces of oxy-
genated compounds, in the ppb level, are enough to engen-
der significant loss in catalytic activity.
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In a previous paper, we developed an analytical method
for determination of traces of acetone in cyclohexane efflu-
ents from petrochemical plants, based on solid phase mi-
croextraction (Gollmann et al. 2006). The present investiga-
tion aims at determining the acetone adsorption from cyclo-
hexane on silica, alumina, coal, natural and leached chryso-
tile, correlating textural and chemical properties of the ad-
sorbents with the adsorption capacity for acetone. The effi-
ciency in retention of acetone by adsorbents was evaluated
in employing percolated solvent, which was previously con-
taminated with traces of acetone, in ethylene polymerization
by Ziegler-Natta catalysts.

2 Experimental

2.1 Materials

2.1.1 Chemicals and reagents

All employed chemicals were analytical reagent grade. For
adsorption studies the solutions were prepared using acetone
(Mallinckrodt, HPLC) and cyclohexane (VET). Coal (In-
dústria Carbonífera Rio Deserto Ltda, mined in Criciúma,
Brazil), silica and alumina (purchased form Braskem, Ca-
maçari, Brazil) were used as received. Chrysotile (kindly
donated by SAMA, Mineração de Amianto Ltda, mined in
Uruaçu, Brazil) was used in its natural form and also after
acid treatment.

Polymerization experiments were performed under in-
ert atmosphere (Argon) using the Schlenk technique. Tita-
nium tetrachloride (Merck), acetone and diethylaluminium
chloride toluene solution (DEAC) were used without purifi-
cation. Cyclohexane and toluene were purified by distilla-
tion on metallic sodium and benzofenone. Silica Grace 948
(255 m2 g−1), employed for the preparation of Ziegler-Natta
catalyst, was activated under vacuum (P < 10−4 mbar) for
16 h at 110 ◦C. The support was cooled to room temperature
under dynamic vacuum and stored under dried argon.

2.2 Methods

2.2.1 Acid treatment

Natural chrysotile (ca. 30 g) was mixed with hydrochloric
acid solution (1000.0 mL–5.0 mol L−1). This suspension
was kept under stirring for 24 hours at room temperatures
yielding 15.0 g of product.

2.2.2 Equilibrium adsorption studies

A glass column (L = 15 cm; φ = 0.5 cm) was packed with
adsorbent (10 g). The column was loaded with adsorbate

solution of a known concentration of contaminated solvent
with acetone (range 1–200 ppm) in cyclohexane which was
percolated through the column. The eluated solution was
collected for further analysis by gas chromatography.

2.2.3 Gas chromatographic analysis

Analyses were carried out on a Hewlett-Packard HP5890,
equipped with a flame ionization detector and a fused silica
capillary column HP-1 (5 m × 0.53 mm × 2.65 µm) using
He at 1 mL min−1 as carrier gas. Samples were injected in
the splitless mode. The GC conditions were injector temper-
ature: 290 ◦C; oven temperature program: initial temperature
50 ◦C for 2 minutes, then heating 10 ◦C min−1 to 130 ◦C and
finally isothermal at 130 ◦C for 2 min.

2.3 Adsorbents characterization

The adsorbents were characterized by a set of complemen-
tary techniques.

2.3.1 Infrared spectroscopy (IR)

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out using a FT-IR spectrometer
equipped with a diffuse reflectance attachment (Bomen).
Analyses at the transmittance modes were performed using
KBr pressed technique, with 4 cm−1 of resolution, coadding
32 scans.

2.3.2 Powder X-ray diffraction (XRD)

The XRD data were collected on a Rigaku diffractometer
with CuKα radiation (40 kV, 17.5 mA and 200 V). The
phase development of chrysotile in the sample was exam-
ined in the scan range of 10–70◦.

2.3.3 N2 adsorption-desorption analysis

Nitrogen adsorption-desorption analyses were operated on
a Micromeritics Gemini 2375 micropore analysis system.
Samples (ca. 100 mg) were previously dehydrated under
vacuum at 150 ◦C for 8 h. The analytical data were processed
by the BET equation for the surface area and by the Barrett-
Joyner-Halenda (BJH) method for pore size distribution.

2.3.4 Scanning electron microscopy-energy dispersive
X-ray analysis (SEM-EDX)

Elemental analysis was carried on a Noran Instruments EDX
system connected to a JEOL JSM 6300F scanning electron
microscope, with an accelerating voltage of 10 kV. Samples
were fixed on carbon tape on a stub and sputtered with gold
before measurements.
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Table 1 Textural properties of the adsorbents

Silica Coal Alumina Chrysotile Leached
chrysotile

S (m2/g) 646 406 213 23 294

Dp (Å) 22 27 59 54 39

Vp (cm3/g) 0.20 0.26 0.31 0.02 0.29

2.4 Polymerization

2.4.1 Preparation of supported catalyst

Grafting experiments were performed under inert atmosphere
using the Schlenk technique. Modified silica was prepared
by impregnation, using activated silica (2.0 g) added to a
toluene slurry containing MgCl2 (50 wt% MgCl2/SiO2), at
the temperature of 80 ◦C for 30 minutes under reflux. Sol-
vent was removed under vacuum and a TiCl4 cyclohexane
solution (corresponding to 3.0% Ti/SiO2) was added. The
resulting slurry was stirred for 1 h at room temperature and
filtered through a fritted disk. More details are reported else-
where (Petry et al. 2006).

2.4.2 Polymerization reactions

Ethylene polymerization reactions were performed in
300 mL Pyrex glass reactor. The reactions were performed
under Ar atmosphere using cyclohexane as solvent (150 dm3),
1.6 atm of ethylene for 30 minutes at 60 ◦C. DEAC was
employed as the cocatalyst (Al/Ti = 200). For the non-
supported TiCl4 catalyst system the following conditions
were employed: [M] = 10−3 mol/L and Al/Ti = 5, while for
supported ones: [M] = 10−5 mol/L and Al/Ti = 200. The
solvent was contaminated with acetone (0–80 ppm). In re-
actions using adsorbents, the contaminated solvent (50 ppm)
was percolated through the adsorbent (2.0 g) column under
inert atmosphere and transferred into the reactor.

3 Results and discussion

The employed phases were characterized by a series of vol-
umetric and spectroscopic techniques in order to get some
information about their textural, morphological and chemi-
cal properties.

3.1 Adsorbents’ characterization

Table 1 shows the textural properties determined by nitro-
gen adsorption, calculated by the BET and the BJH methods
(Webb and Orr 1997).

Fig. 1 XRD patterns of natural and leached chrysotile

According to Table 1, silica is the adsorbent with the
highest specific area, followed by coal and alumina. Chryso-
tile presents a low specific area, but after the acid treat-
ment there is significant increase in it, being compara-
ble to that observed in the case of alumina. Pore diam-
eter was in the range of 20–60 Å, being higher in the
case of alumina and of natural chrysotile. In the case of
leached chrysotile, volume of the micropore increased af-
ter acid treatment, being comparable to that of alumina
and coal. It is worth noting that acid treatment aims to re-
move brucite (Mg(OH)2) from the external surface, remain-
ing silica (Mendelovici and Frost 2005; Wypych et al. 2005;
Valentin and Joekes 2006b; Bernstein and Hoskins 2006).
Samples of natural and leached chrysotile were character-
ized by XRD (Fig. 1).

According to Fig. 1, all the peaks can be assigned to
natural chrysotile (3MgOSiO2 · 2H2O), excepting that at
2θ = 40◦ which was attributed to brucite (Mg(OH)2) (Bern-
stein and Hoskins 2006). After acid treatment, there is a
signal loss at that phase assigned to brucite. Normally acid
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Fig. 2 DRITFS spectra of:
(a) natural and (b) leached
chrysotile

treatment results in nano-fibriform silica, completely amor-
phous (Mendelovici and Frost 2005; Wypych et al. 2005;
Valentin and Joekes 2006b). In the present case, the XRD
pattern confirms that the crystalline structure of chrysotile is
maintained, associate to an amorphous structure, centered at
2θ = 20◦, attributed to amorphous silica (Xu et al. 2006;
Samadi-Maybodi and Atashabozorg 2006; Cheng et al.
2006).

Chemical groups on natural and leached chrysotile were
identified by DRIFTS, as shown in Fig. 2. The characteris-
tic band at 3687 cm−1(spectrum a of Fig. 2) is attributed to
ν(O–H) stretching bond attached to magnesium center. Af-
ter acid treatment, this band is significantly reduced, prob-
ably due to brucite phase removal (spectrum b of Fig. 2),
indicating that brucite sheet of chrysotile might be partially
destroyed.

In Fig. 2, the broad band between 2750 and 3600 cm−1

can be attributed to adsorbed water. The peak at 1090 cm−1

is attributed to the vibration modes of Si–O network that
consists of Si–O–Si and O–Si–O, and the Si–O stretching
peak which is vertical to the prolongation of the fiber, was
undetected at 1024 cm−1 due to natural chrysotile tetrahe-
dral sheets attacked by HCl. The peak at 617 cm−1 was iden-
tified as the terminal Si–OH deformation band, the Si–O–
Si bending peak was detected at 465 cm−1 (Wypych et al.
2005; Wang et al. 2006; Halma et al. 2006; Falini et al.
2006).

Chemical composition of chrysotile and leached chryso-
tile were further analyzed by SEM-EDX. The results are
show in Table 2.

Table 2 Elemental analysis of chrysotile and leached chrysotile

Element (%)

O Mg Si Fe

Chrysotile 59.85 18.85 18.23 2.95

Leached chrysotile 66.55 0.35 33.10 –

From the SEM-EDX data, there is magnesium loss after
the acid treatment; Mg was practically completely removed.
Fe is present in natural chrysotile, probably as a contami-
nant, but it was removed after acid treatment.

The morphologies of commercial adsorbents, namely sil-
ica, alumina and coal, were characterized by SEM. Figure 3
shows the micrographs.

Among the investigated adsorbents, silica is the adsor-
bent which surface is the most homogeneous. Alumina sur-
face is characterized by a more spongy texture, while coal
shows a very heterogeneous surface. Figure 4 shows the mi-
crograph of leached chrysotile.

According to Fig. 4, some tubular structure can be ob-
served, indicating that the fibrous morphology was kept after
leaching. Similar images have been reported in the literature
(Wypych et al. 2005; Halma et al. 2006; Falini et al. 2006;
Xu et al. 2006).

3.2 Adsorptions isotherms

The adsorption process was quantitatively evaluated for all
adsorbents by determining the adsorption isotherms, where
qe is the amount of adsorbed acetone per unit of mass of ad-
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Fig. 3 Micrographs of commercial adsorbents employed in adsorptions process. Magnitude: 200×: (A) silica, (B) alumina and (C) coal

sorbent (silica, alumina, coal, chrysotile and leached chryso-
tile) in (mg/g) and Ce is the equilibrium concentration of
acetone in cyclohexane (mg L−1).

The adsorption isotherms were interpreted according to
the adsorption models of Freundlich (1) and Langmuir (2):

qe = kF C
1
n
e , (1)

qe = qmkLCe

1 + kLCe

. (2)

Fitting via nonlinear regression was than evaluated.
Therefore, the parameters of the nonlinear model were es-
timated via lsqnonlin function from MATLAB®, which
solves the optimization problem by means of Levenberg-
Marquardt algorithm with line-search according to (3),
where fo is the objective function to minimize and x the
manipulated variable vector.

min
x

fo

fo =
∑

i

(qe_exp,i − qe_pred,i(x))2.
(3)

The resulting isotherms, considering the non-linear fit-
ting, are shown in Fig. 5.

Fig. 4 Leached chrysotile micrograph. Magnitude: 2200×

Based on the Freundlich model (Fig. 5a), leached chryso-
tile (silica-based material), coal and silica were shown to
exhibit good capacity for acetone from cyclohexane adsorp-
tion. Alumina was not shown to be a good adsorbent. Nev-
ertheless, according to the Langmuir model (Fig. 5b), is
the best adsorbent in comparison to the other ones. Natural
chrysotile was shown to be less efficient, independent of the
model.
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(a) (b)

Fig. 5 Adsorption isotherms for acetone in cyclohexane on the investigated adsorbents determined by non-linear fitting using (a) Langmuir and
(b) Freudlich models. Low concentration region in the inset

Table 3 Isotherm parameters obtained by using non-linear regression

Sorbent Langmuir Freundlich

qe = qmkLCe

1+kLCe
qe = kF C

1
n
e

Silica qm = 18.391 ± 0.78 kF = 3.551 ± 0.75

kL = 0.649 ± 0.79 1/n = 0.488 ± 0.76

r2 = 0.999 r2 = 0.998

Alumina qm = 58.689 ± 0.16 kF = 1.889 ± 3.44

kL = 0.031 ± 0.16 1/n = 0.844 ± 13.73

r2 = 0.996 r2 = 0.996

Coal qm = 19.488 ± 193.89 kF = 9.115 ± 8.74

kL = 12.072 ± 193.99 1/n = 0.3948 ± 1.29

r2 = 0.994 r2 = 0.994

Chrysotile qm = 16.180 ± 0.02 kF = 0.794 ± 0.04

kL = 0.022 ± 0.02 1/n = 0.590 ± 0.35

r2 = 0.993 r2 = 0.997

Leached chrysotile qm = 21.465 ± 13.19 kF = 6.303 ± 2.67

kL = 0.807 ± 13.20 1/n = 0.518 ± 0.93

r2 = 0.992 r2 = 0.989

The isotherm parameters of silica, alumina, coal, chryso-
tile and leached chrysotile considering non-linear regression
are presented in Table 3.

According to Table 3, taking into account the correla-
tion factor (r2), both Langmuir and Freundlich models ac-
counts for the adsorption isotherms. Considering Langmuir
parameters, the highest values of equilibrium constant (KL)

was observed for coal. This constant describes the energy of
adsorption and affinity of acetone for this adsorbent. Much
lower and comparable values were observed in the case of
silica and leached chrysotile (which can be considered as a
nanosilica fiber), and even lower for the two other sorbents.
The qm parameter measures the monolayer (maximum) ad-
sorption capacity. According to Table 3, qm value is much
higher for alumina.

Concerning Freundlich isotherm parameters, the highest
KF value, which indicates the distribution of active sites,
was observed for coal. Silica and leached chrysotile pre-
sented lower and compared valuables. The adsorption ca-
pacity (1/n), as in the case of Langmuir model, was higher
for alumina.

3.3 Polymerizations

The robustness of supported and non-supported Ziegler-
Natta catalytic system was evaluated by ethylene polymer-
ization reactions, using solvent contaminated with acetone
(Fig. 6).

For both systems, catalyst activity was shown to be re-
duced as traces of acetone are added to the system. Com-
paring both catalyst systems, the non-supported ones were
more sensitive to poisoning, since a steep reduction in cata-
lyst activity is observed even for very low acetone contents.
On the other hand, the reduction in catalyst activity is less
abrupt in the case of supported catalysts.

The differences observed for both catalyst sites might be
due to the availability of coordinating sites on each catalyst
system as proposed in Scheme 1.
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Fig. 6 Catalytic activity (2) non-supported and (") supported Ziegler-Natta catalyst systems in ethylene polymerization

Scheme 1

Scheme 1 represents the available sites of non-supported

and supported Ziegler-Natta catalyst systems. For the non-

supported TiCl4 systems, the only available site is on Ti cen-

ter. On this site, there is a competition between ethylene and

acetone for coordination (the irreversible coordination onto

Ti obstruct olefin coordination; therefore, reducing the cat-

alytic activity). When TiCl4 is supported onto MgCl2 sur-

face, the Mg ions of the support can present vacant sites act-

ing as Lewis acid sites, on which acetone molecules can also

coordinate (Soga and Shiono 1997). In the case of the sup-

ported systems, acetone has not only Ti as possibility for

coordination, but also the Mg surface on the support. This

might explain the differences in catalyst activity observed
for both type of systems.

The non-supported Ziegler-Natta catalytic system was
evaluated with cyclohexane containing traces of acetone af-
ter percolation through the investigated adsorbents. Figure 7
shows the results expressed in terms of percentage of to-
tal catalyst activity (%) without contamination (A) and with
50 ppm of acetone contaminate (B).

As shown in Fig. 7, there is a 60% loss of catalytic ac-
tivity, after the addition of 50 ppm of acetone. For the poly-
merization reactions carried on with contaminated solvent
after the percolation through the adsorbents, good results
were observed in the case of silica and alumina. A reduc-
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Fig. 7 Activity of TiCl4/MgCl2 catalyst in ethylene polymerization
supported systems, using solvent containing acetone (50 ppm), after
percolation through the adsorbent

tion of only 20% was observed in the case of silica, show-
ing the potential capability of these adsorbents for such con-
taminated systems. Surprisingly, coal, in spite of offering
good adsorption properties, was not suitable for use in this
catalyst system. The resulting polymer was black. Further-
more, catalyst activity was much reduced, probably due to
organic groups such as carboxyl, quinone, hydroxyl, car-
bonyl, lactone, carboxylic anidride released by coal (Yang
2003).

4 Conclusion

The determination of acetone adsorption isotherms form cy-
clohexane on inorganic phases allowed us to identify, pre-
liminarily, that silica, alumina, coal and leached chrysotile
presented as potential adsorbents. Natural chrysotile showed
lesser values of adsorption capacity. The nonlinear regres-
sion analysis using Langmuir or Freundlich isotherm sug-
gests that coal presents the best adsorption capacity, fol-
lowed by alumina. Silica and leached chrysotile have shown
similar adsorption properties.

Catalytic activity of Ziegler-Natta systems using cy-
clohexane contaminated with acetone showed that non-
supported systems were more prone to poisoning. In sup-
ported systems, the reduction in catalyst activity was less
abrupt. A possibility is that when TiCl4 is supported onto
the MgCl2 surface, the acetone molecules can dispose of the
vacant sites presents on the support to coordinate, engender-
ing lower catalytic activity.

For the polymerization reactions carried on with the con-
taminated solvent after the percolation through the adsor-
bents, good results were observed in the case of silica and
alumina. A reduction of 20 to 30% was observed in catalytic
activity losses, respectively.
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