This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

(@) s | Journal of Wood Chemistry and Technology

Publication details, including instructions for authors and subscription information:

la un" Al oF http://www.informaworld.com/smpp/title~content=t713597282

Woon

CHEMISTRY Analysis of the Adsorption of Alkanes on High Surface Area Cellulose by
ANID Inverse Gas Chromatography

TEc"nolnn' Hak Lae Lee?; Philip Luner®

2 State University of New York College of Environmental Science and Forestry Empire State Paper
Research Institute, Syracuse, New York

WOLLIWE 25 HUMBERS 1-2 2005

To cite this Article Lee, Hak Lae and Luner, Philip(1993) 'Analysis of the Adsorption of Alkanes on High Surface Area
Cellulose by Inverse Gas Chromatography', Journal of Wood Chemistry and Technology, 13: 1, 127 — 144

To link to this Article: DOI: 10.1080/02773819308020510
URL: http://dx.doi.org/10.1080/02773819308020510

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713597282
http://dx.doi.org/10.1080/02773819308020510
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 59 25 January 2011

Downl oaded At:

JOURNAL OF WOOD CHEMISTRY AND TECHNOLOGY, 13(1), 127-144 (1993)
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Empire State Paper Research Institute
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Dedicated to the memory of Kyosti V. Sarkanen

ABSTRACT

The adsorption characteristics of alkanes on high surface
area cellulose were investigated by inverse gas chromatography.

The enthalpy and entropy of adsorption of alkanes on the
solvent exchanged cellulose were greater than the values on non-
porous cellulose. The difference in the heats of adsorption of
alkanes between the non-porous and the solvent exchanged cellulose
was greater for larger molecules indicating stronger interaction
for the higher alkanes in the pore structure. For n-hexane the
differences in enthalpy and entropy of adsorption were 17 kJ/mole
and 52 J/mole K, respectively. The London component of the sur-
face free energy of adsorption was 116 mN/m for the solvent ex-
changed cellulose.

INTRODUCTION
The adsorption of gases on cellulose has frequently been
used to investigate fiber surface area and pore size distribu-
tion.1-7 However, the gas adsorption method has not been employed
as extensively to study the thermodynamics of adsorption. The

change of the free energies of adsorption for nitrogen on cotton
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as a function of partial pressure was investigated by Rowen et
11.8 Haselton3 determined the free energies and isosteric heats
of adsorption as a function of surface coverage for nitrogen and
butane on a variety of cellulose samples using a static adsorption
method. Inverse gas chromatography has been used by Gray et
gl.7’8 to study the thermodynamics of adsorption of n-alkanes on
cellophane and cellulose. Lee and Luner studied both sized and
unsized cotton papers.9 However, these studies examined only low
surface area cellulose samples ~1 to 2 mz/g.

The adsorption of nitrogen on a fully bleached sulfite pulp,
liquid-exchanged from its water-swollen (W) state to methanol (A)
and finally with a nonpolar (N) liquid hydrocarbon, was studied by
Merchant .5 Type II adsorption isotherms with hysteresis loops
were obtained for nitrogen on these WAN-dried fibers. The closure
of the hysteresis Toop occurred at p/p, values of 0.40 and 0.42.
The maximum change of slope of the desorption curve occurred at
p/py = 0.475. The observation of hysteresis was attributed to the
porous nature of the WAN-dried fibers. Barber!0 investigated the
dependence of the adsorptive potential of the average patch of a
heterogeneous surface for various cotton samples from the adsorp-
tion isotherms of argon gas. WAN-dried cotton (130 mz/g) and
water-dried cotton (1.41 mz/g) showed 1.22 kcal/mole and 1.26
kcal/mole for the adsorption potential indicating only a minor
dependence on the energy site distribution.

The adsorption isotherm on a porous solid differs from a

non-porous solid since the adsorption in the pores is limited by
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their width. Type IV and V adsorption isotherms are generally
observed on macroporous solids while Type I adsorption isotherms

11-14 ¢ is well-documented

are obtained on microporous solids.
that when a solid contains micropores complications result in
adsorption because the potential fields from opposite walls will
overlap. This overlapping of attractive force acting on adsorbate
molecules increases adsorption, thus affecting the thermodynamic
parameters.15’16

To extend our understanding of the adsorption characteris-
tics of cellulose, the adsorption of alkanes on high surface area
cellulose were investigated at infinite dilution and finite con-
centration by inverse gas chromatography. The thermodynamic
parameters of adsorption, AH, AG and AS, and the London component
of the surface free energy of the solvent-exchanged cellulose will
be discussed and contrasted to the earlier results obtained on low

surface area ce]lu]ose.9

RESULTS AND DISCUSSION

Adsorption of Alkanes on Solvent-exchanged Cellulose at Infinite
Dilution

The nitrogen flow rate was maintained at 14.1-14.8 mL/min.
A decrease of the net retention volume was noticed at flow rates
higher than 17.0 mL/min indicating nonequilibrium adsorption, but
at flow rates between 11.5 - 16.5 mL/min fairly constant net
retention volumes were obtained. The standard deviation of the
net retention volume in this range of carrier gas flow rates was

less than 0.6%. Symmetrical elution peaks were obtained, and
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their elution times were constant over a significant range of
injected adsorbate volumes at this flow rate. These are good
indications that the experiments were made in the Henry’s law
region. High alkanes gave broad peaks, especially at low tempera-
tures, due to their strong interaction with the porous cellulose.
Henry’s law constants, Kg, were calculated from the gas
chromatography retention data according to Eq. [1] and are pre-

sented in Table 1.

where Vy is the net retention volume and A is the total surface
area of the stationary phase. At least three net retention vol-
umes were used to calculate each Henry’s law constant.

The standard free energy of adsorption at infinite dilution,

AGY, was calculated according to Eq. [2]
AGR = -RT In(Kg x 2.99 x 108) [2]

where R is the gas constant.
The standard enthalpy of adsorption at zero coverage, AHR,
was calculated from the Tinear least squares slope of the plots of

InKg against 1/T (See Figure 1) according to Eq. [3].
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Henry’s Law Constant of Alkanes on Solvent Exchanged Cellulose

Kg x 106, m

Adsorbate

293% 2989 3039 3089
n-pentane 0.51 0.35 0.30 0.24
n-hexane 3.51 2.40 1.78 1.37
3-methylpentane 2.16 1.37 1.11 0.87
2,2-dimethylbutane 1.18 0.85 0.66 0.51
2,3-dimethylbutane 1.64 1.24 0.90 0.70

16(-

-InK

==

n-pentane

2,2-dimethyl butane

2,3-dimethyl butane
3-methyl pentane

n-hexane

3.2 3.3

1000/T

3.5

FIGURE 1. The variation of Henry’s law constant with temperature
for alkanes on solvent-exchanged cellulose.
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d(1n K
AHY = -R ._f_f__f) (3]
d(1/17)

The standard entropy of adsorption of the probes at infinite
dilution, ASS, was obtained from the difference between AGX and

AHR according to Eq. [4].

ASR = (AHR - AGR)/T [4]

The thermodynamic parameters for alkanes on solvent-ex-
changed cellulose surface obtained at zero surface coverage are
shown in Table 1. The enthalpies of adsorption of n-pentane and
n-hexane on the solvent-exchanged cellulose were higher than
those on nonporous cellulose by 11 and 17 kJ/mole, respective]y,9
indicating stronger adsorbate-adsorbent interaction. Similarly,
the entropies of adsorption for n-pentane and n-hexane on the
solvent-exchanged cellulose were greater than the values
obtained for nonporous cellulose by as much as 42 and 54 J/mole
OK. Since the adsorptive potential of solvent-exchanged cellulose
is the same as that of nonporous ce11ulose1°, the differences in
AHR and ASR values is in all probability the result of the
presence of the pore structure.

The larger difference between the two substrates in the
enthaipy of adsorption for n-hexane than for n-pentane indicates
the greater effect of pores on the adsorption of n-hexane. This
is due to more efficient pore filling by the Targer n-hexane which
make it interact more favorably with the long-ranged nature of the

dispersion component overlapped in the micropores.
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TABLE 2

Standard Thermodynamic Data for the Zero Coverage Adsorpt1on of
Alkanes on Solvent Exchanged Cellulose at 30°C

-AGR -AHR -ASR
Adsorbate (kJ/mo]e) (kJ/mo]e) (J/mole 0K)
n-pentane 11.29 36.14 81.99
n-hexane 15.82 46.92 102.65
3-methylpentane 14.63 44.19 97.55
2,2-dimethylbutane 13.32 41,58 93.27
2,3-dimethylbutane 14.10 42.99 95.34

Kiselev et gl.ls investigated the effect of the geometrical struc-
ture of silica gels on the gas chromatograph of hydrocarbons and
found that the narrowing of pores increases the heats of adsorp-
tion, particularly for high alkanes. The heats of adsorption
decreased drastically as the average pore diameter increased from
22 to 70 R, which suggests the operative distance of the non-
specific interaction.16

The thermodynamic parameters for the other hexane isomers
fell between those for n-pentane and n-hexane. This is probably
due to the compact shape of the ijsomers which reduces the interac-
tion with the surface. Maximum interaction occurs when the n-
alkane molecules adsorb on the surface with a stretched conforma-
tion, which allows for a maximum number of direct contacts.

A linear relationship between the thermodynamic parameters

of adsorption and the number of methylene groups has been observed
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9

earlier? and this relationship was applied to obtain the London

component of the surface free energy6’7.

However, on the porous
cellulose column only n-pentane and n-hexane showed good gas
chromatographic peaks, which could be used for the thermodynamic
calculations. Due to the low flow rate employed, broad chromato-
graphic peaks for n-alkanes higher than n-hexane resulted in Tow
peak heights indistinguishable from the base line even at the
highest sensitivity of the FID detector. Therefore, the linear
relationship between the thermodynamic parameters and the number
of carbon atoms in n-alkanes could not be confirmed over a wider
range. However, by plotting AGg against log p, (p, = saturated
vapor pressure) for n-pentane, n-hexane, and the hexane isomers, a
linear relationship was observed as shown in Figure 2. This
suggests that AGX is proportional to the number of carbon atoms in
n-alkanes and not their location.

The London component of the surface free energy of the

solvent exchanged cellulose was calculated by Eq. 5.6

-AGR(CH,)
AT a(v(CHy) k)12 [5]
N a(CH,)

where AGK(CHZ), is the incremental standard fee energy of adsorp-
tion per mole of methylene group, a(CH,) is the area occupied by a
methylene group on the surface, y(CH,) is the surface tension of a
hypothetical methylene liquid, 7% is the London component of the

surface free energy of the stationary phase, and N is Avogadro’s

number.
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FIGURE 2. The standard free energy of adsorption vs. saturated
vapor pressure of various alkanes.

Using the data from pentane and hexane, the London component
of the surface free energy for porous cellulose was calculated
(Table 3). The London component of surface free energy for sol-
vent exchanged cellulose is extremely high. Similar values of 7%
were determined for various metals such as tin, iron, lead and
ferric oxide.l7 Most organic materials are, however, low energy
solids. Many polymers exhibit London components of the surface
free energy less than 50 mN/m. For cellulose it ranges from 40 to
49 mN/m depending on the cellulose sample preparation and experi-
mental methods.

The very high London component values can be explained in
several ways. First, the overlapping of the force field in narrow
micropores and the size of the alkanes reducing the gap between

the molecule and side wall of the pores may result in a high



12: 59 25 January 2011

Downl oaded At:

136 LEE AND LUNER

TABLE 3

The London Component of Surface Free Energy for Solvent
Exchanged Cellulose

Temp. (%K) AGop (CHy) 7(CH,) vt

(kImo12) (mN/#) (mR/m)

293 4.69 35.64 118.05

298 4.80 35.35 125.07

303 4.52 35.06 111.87

308 4.43 34.77 108.24
Average = 115.81
Std. Dev. = 7.38

London components of the surface free energy. Second, the slow
effusion of n-hexane may contribute to the high London component.
The constant retention velume observed at flow rates between 11.5
and 16.5 mL/min excludes the diffusion artifacts such as a deeper
penetration of smaller molecules into the microcapiilary struc-
ture. However, larger retention volumes for the higher alkanes
may have been obtained, not because of the stronger adsorption on
the surface, but because of the slow diffusion in the pores.
According to Graham’s law, at a constant temperature and at a
constant pressure drop, the rates of effusion of various gases
are inversely proportional to the square roots of their densities.
When the slow effusion is considered, the retention time of n-

hexane needs to be corrected by multiplying by 0.915. However,
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this only accounts for less than 10% of the high London component.
Finally, the high values of the London components may originate
from the limitations of Eq. [5]. 1In that equation only a two-
dimensional surface contact is accounted for so that for n-alkanes

a(CH,) is equal to 0.06 nm?

. In a micropore the contact area for a
methylene group may be higher than on a flat surface. However,
this can be regarded as another aspect of an overlapping force
field in a micropore structure. The high London component of the
high surface area cellulose can therefore be attributed mainly to
the overlapping of the force field in a micropere.

The results for two polar adsorbates, diethyl ether and
chloroform, are shown in Figure 2. The specific interaction for
these polar probes was close to the values of nonporous cellulose.
This suggests that the small polar probes do not experience the
effect of pores. Kiselev et gl.ls found that narrowing of silica
gel pores led to an increase in the heat of adsorption of large-

sized organic molecules and produced a weaker effect on the

adsorption of small polar or quadruple molecules.

The porous cellulose adsorbent showed higher heats of ad-
sorption than the nonporous cellulose at zero coverage. The heat
of adsorption is the main factor determining the adsorption at a
given relative pressure. The greater the heat of adsorption, the
greater the amount adsorbed in the monolayer region, and the
sharper the knee on the isotherm.

To study the effect of cellulose pore structure on the

adsorption isotherm, chromatograms of n-hexane were obtained at
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finite concentration. Two adsorption isotherms were obtained at
10 and 30°C by injecting various amounts of n-hexane. The maximum
amount of adsorbate which could be injected was 4.5uL and 3.5uL at
10°C and 30°C, respectively. A small void volume in the column
prevented larger injection volumes. This in turn Timited the
range of the adsorption isotherm obtainable from inverse gas
chromatography. The chromatograms and peak maxima envelopes are
shown in Figure 3.

The chromatograms showed a rather sharp front and extended
tail. The front sides of the chromatograms were not as vertical
as those observed on the nonporous cellulose and AKD-sized paper.9
At low injection levels the front sides were more diffuse. These
shapes display the effects of slow equilibrium in the column.
Another indication of a slow equilibrium can be found on the
diffuse side which does not coincide for different injection
volumes. However, the divergence was smaller for the solvent

exchanged cellulose column than for ceHophane8

16

and porous
silica.

The peak maxima method was used to obtain the adsorption
isotherm from the chromatograms. Eq. [6] and [7] were used to
calculate the amount of adsorbate adsorbed per unit area of ad-

sorbent, g, and the partial pressure of solute, p,

NcalSads
q=— (6]

A Scal
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FIGURE 3. Gas chromatograms of n-hexane on solvent exchanged
cellulose column at 30°C.

Nca1XRT
p=— (71
Scalfcol
where S, 45 is the area measured on the strip chart, n.,; is the
number of moles of solute injected for calibration, S.,; is the
total area under the calibration peak on the sirip chart, A is the
total surface area of stationary phase, X is the recorder chart
speed, and Fco] is the carrier gas volume flow rate at column
temperature T corrected for pressure drop and for the presence of

water in the soap bubble meter. The area bounded by the GC ad-
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sorption envelope of the peak maxima, the gas hold-up time and a
given detector response h is used for S 4.

The adsorption isotherms of n-hexane are shown in Figure 4.
For comparison, an adsorption isotherm of n-decane on nonporous
cellulose is also shown in Figure 4. The n-decane isotherm is
very similar to the n-hexane adsorption isotherm?d. It appears
that the adsorption isotherm difference between porous and non-
porous cellulose is significant. Solvent exchanged cellulose
shows a stronger adsorption tendency than nonporous cellulose.

Even though the entire adsorption isotherm was not obtained,
the BET parameter, C, and the specific surface area were calculat-
ed from the isotherms. A higher C value was obtained for solvent
exchanged cellulose which is related to the knee sharpness of the
jsotherm and stronger interaction between adsorbate and adsorbent.
C values of 8.6 and 12.5 were obtained for adsorption isotherms at
10%C and 30°C, respectively. For decane on nonporous cellulose
it ranged from 6.0 to 6.49. The specific surface areas obtained
from the isotherms were 68.4 m’/g and 47.2 m?/g at 10°C and 30°C,
respectively. The specific surface area obtained at 10°C agrees
well with the value obtained by nitrogen adsorption. However, the
surface area obtained at 30°C was significantly lower. The reason
for this difference may be due to structural changes occurring
during the repeated adsorption and desorption of n-hexane at 109C
which caused the micropores to be closed. The experiments at 30°C
itself may have induced pore collapse leading to a lTower surface

area. Residue adsorption of n-hexane i.e. filled pores, may also
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FIGURE 4. Adsorption isotherms of n-hexane on solvent exchanged
cellulose and n-decane on cellulose.

be responsible for the lTower surface area. Only further experi-

ments could resolve this question.

EXPERIMENTAL

Stationary Phase and Column Preparation

Confetti of Whatman No. 1 filter paper were prepared by
passing strips through a clean-telex punch machine. The confetti
was swollen in water for two days. The water in the confetti was
exchanged with ethyl alcohol, which was subsequently exchanged

with acetone. The acetone was replaced with toluene and finally,
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the tolune was exchanged with n-heptane. The confetti was kept in
each solvent for two days and was replaced twice with fresh sol-
vent. The n-heptane was evaporated by holding the sample in a
vacuum oven at 1059C for three days.

The BET nitrogen surface area was measured with a Quantasorb
adsorption apparatus. The BET area of the solvent exchanged
cellulose confetti was 64.58 mz/g.

Soivent exchanged cellulose was packed into copper tubing
with an outer diameter of 0.25 in. The weight of the stationary
phase was 0.128 g. To reduce the dead volume, 0.125 in stainless
steel tubing was used to mount the column onto the gas chromato-

graph.

Apparatus

A Varian 1740 Gas Chromatograph with two flame-ionization
detectors (FID) was used to measure retention volume. A detailed
description of the gas chromatograph is given elsewhere.’ Briefly
the column oven was replaced with a water bath to control the
column temperature more accurately and to make subambient runs.
The temperature of the water bath was controlled by circulating
water at a constant temperature. The injector and detector tem-
perature were set at 120 and 250°C, respectively. The nitrogen

flow rate was 14.1-14.8 mL/min.

Adsorbates
The adsorbates (n-pentane, n-hexane, 2,2-dimethylbutane,

2,3-dimethylbutane, and 3-methylpentane) were obtained from Al-
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drich Chemical Co. and used without further purification. Reten-
tion data were recorded on a Fisher Recordall 5000 chart recorder.
For the infinite dilution experiments, trace amounts of vapors
were injected from a Hamilton gas-tight syringe. The highest
sensitivity of the detector was employed for these experiments.
In the finite concentration region, various amounts of liquid
adsorbates were injected. Due to the low boiling point of n-
hexane and small void volume in the column, 3.5 and 4.5 ulL were
the maximum amounts which could be injected without blowing out

the flame in the FID detector at 30°C and 109C, respectively.
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