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CHEMICAL ENGINEERING

NOVEL ADSORBENT SYNTHESIS, DIFFUSION IN
NANOPOROUS MATERIALS, AND ADSORPTION SYSTEM
OPTIMIZATION

THOMAS GRANT GLOVER

Dissertation under the direction of M. Douglas LeVan

This research focuses three specific topics related to gas-phase adsorption: the
synthesis and characterization of a novel carbon-silica composite adsorbent material,
the diffusion of condensable vapors in single adsorbent particles, and an examination
of pulse inputs and layered-bed optimization.

The first segment of the work details the synthesis of a carbon-silica composite
(CSC) adsorbent derived from MCM-41 and polyfurfuryl alcohol. The novel material
has a high surface area, and a narrow pore size distribution. Materials were also pre-
pared using different furfuryl alcohol solvents and were polymerized and carbonized
at different pressures. The surface area of the materials is affected by both solvent
selection and the pressure at which carbonization takes place. The novel material is
unique because the carbon pores are created from templating rather than from an
activation process.

The next segment extends a concentration-swing frequency response method
to examine mass transfer rates and concentration dependence for adsorption of con-
densable vapors in adsorbent particles. The adsorption kinetics of water and hexane
in BPL activated carbon and the adsorption of water in silica gel are determined at
several different concentrations. The mechanism that best describes the adsorption

of water in BPL activated carbon is nanopore diffusion, and both models can be used



to describe the diffusion of hexane in BPL activated carbon. The diffusion of water
in silica gel is best characterized by the Glueckauf linear driving force model.

In the final segment of this work a mathematical model is developed to exam-
ine the sensitivity of fixed beds with respect to system parameters. The impact of
mass and energy transfer effects and adsorbent layer thicknesses are determined by
calculating the derivatives of the outlet concentration and outlet temperature. The
adsorption of hexane on BPL activated carbon is contrasted with the adsorption of
nitrogen on carbon molecular sieve, and combined mass and energy effects are consid-
ered by studying the adsorption of nitrogen on BPL activated carbon. The sensitivity
data are then applied to determine the optimum bed layering of a two-layer, two-bed

PSA system.
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CHAPTER 1

INTRODUCTION

Separations often account for a major portion of production costs in chemical
industries. For adsorption, the quality of the separation is directly related to the
thermodynamics and kinetics of the process. Thus, in order to make efficient use of
adsorption as a separations tool it is necessary to understand not only the operation
of adsorption systems, but also how equilibrium and mass transport interact with the
adsorbent on a fundamental level.

There are several examples in industry that illustrate various types of separa-
tions that are possible with a proper understanding of the design adsorption systems.
Examples include the separation of air using zeolites or carbon molecular sieves, and
the recovery of hydrogen from streams containing CO, CHy, and CO, by using acti-
vated carbons and different zeolite layers.

While the list of current applications of adsorption is extensive, Yang! states
that future applications of adsorption are limited by the availability of new and better
sorbents. The development of LiX zeolite provides an illustration of the necessity to
develop novel adsorbent materials. Prior to LiX, air separation was performed using
NaX and 5A zeolites; however, with the advent of LiX the production of oxygen
from air was increased 1.4-2.7 times and power consumption was reduced up to 27
percent.! Thus, continued research into novel materials is important because they
have the potential to increase the efficiency of current separation devices and present
solutions to separations and filtration problems that cannot be addressed by current
adsorption technology.

Frequently, during the design of adsorption systems the selection of the ad-

sorbent material is motivated by its equilibrium capacity, while the kinetics of the



adsorption process are considered secondary to the isotherm.! However, if the selected
material has slow kinetics it may not be useful in industrial adsorption systems. For
example, carbogenic molecular sieves developed by Foley et al.? adsorb several dif-
ferent gases such as CO, and C4H;,, but the total capacity of the material is rarely
reached because several hours are required to allow the gas to diffuse into the material.
On the other hand, carbogenic molecular sieves can be applied as a separations device
because the narrow pore size of the material limits the adsorption of large molecules.
Therefore, it is necessary to consider the kinetics of an adsorbent material in concert
with its equilibrium capacity when selecting a material for adsorption systems.

In addition to selecting the proper adsorbent, gains in the efficiency of an
adsorption separation can also be acquired by developing an efficient adsorption cycle.
Of particular interest is the utilization of multilayered adsorbent beds which allow
the adsorbent system to target materials in the feed stream at different times during
the separation process. For example, the separation of CHy from a feed stream of Ny
and CO, has been investigated by using a layered bed of 13X zeolite and a carbon
molecular sieve.® 7 In this example, the CO, can be removed by the layer of 13X
zeolite, and CHy and Ny can be separated kinetically with the carbon molecular
sieve. Thus, understanding how the bed should be layered is critical to designing an
effective separation process.

Building on the ideas presented above, this research explores several key as-
pects of adsorption systems including novel nanoporous materials design, adsorption
kinetics, and adsorption system optimization. In the first section of the work, the
synthesis of a novel nanoporous adsorbent material is discussed. The foundation for
the material is MCM-41, a novel mesoporous silica that has attracted considerable
attention in research literature.® ' The novel carbon-silica composite material dis-
cussed in this work is templated from MCM-41 by impregnating the silica framework

with furfuryl alcohol. The first segment of this work details the synthesis and charac-



terization of our novel carbon-silica composite material. The work is further extended
in a subsequent chapter that details the sensitivity of the material to various process-
ing conditions including furfuryl alcohol solvent selection and carbonization pressure.
This work is distinctive as it approaches the synthesis of a carbon adsorbent via a
nanoscale assembly mechanism and not by a chemical or physical activation.

The second section of research, while fundamental, moves away from novel
nanoporous material synthesis and examines mass transport behavior in single adsor-
bent particles. Understanding the interaction of condensable vapors, and in particular
water and organics, with adsorbents is of vital importance in adsorption beds used
for solvent recovery, air purification, and protective filters found in buildings and gas
masks. Recently, FR has been applied to several different systems to characterize the
diffusion of gas in nanoporous adsorbents.'*2° In this study, a concentration-swing
frequency response apparatus is used to investigate the diffusion of water and hexane
in BPL activated carbon and the diffusion water in silica gel. In each case, the mass
transport mechanism is identified, and the applicability of the Darken relationship is
evaluated.

Finally, the third segment of the research explores the design of adsorption
systems. In order to design efficient adsorption systems, it is necessary to understand
what physical parameters, such as mass and energy transport coefficients, particle
sizes, adsorbent layer thicknesses, feed temperature and pressure, govern the system
behavior. Using sensitivity analysis to explore these concerns provides a fundamental
understanding of the adsorption system which, in turn, yields a computationally
efficient adsorption model. In this work, a model has been developed that examines
the sensitivity of a fixed bed adsorption process with respect to various mass and
energy transport parameters. The model is applied first to an example that considers
the adsorption of a low concentration pulse of hexane on activated carbon. These

results are then contrasted with an example that details the adsorption of nitrogen



on carbon molecular sieve, and finally joint mass and energy effects are considered by
examining the adsorption of a pulse of nitrogen in BPL activated carbon. The model
is then applied to optimize a layered pressure swing adsorption system by determining
the appropriate layer thicknesses.

The last segment of this work provides a summary of the key findings of each
chapter, and provides a brief discussion of future work that could stem from these

results.
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CHAPTER II

CARBON-SILICA COMPOSITE ADSORBENT: CHARACTERIZATION AND
ADSORPTION OF LIGHT GASES

2.1 Introduction

In 1992, Kresge et al.! published the first work on a family of mesoporous
materials referred to as M41S. The work sparked a surge into the research of meso-
porous materials. Beck et al.? in a related paper studied in more detail MCM-41, a
member of the M41S family. These two papers have provided the foundation for the
examination of mesoporous silicas and in particular MCM-41 for use as, among other
things, a catalyst, adsorbent, and a molecular sieve.

Davis et al.»* synthesized MCM-41 and examined the liquid crystal templat-
ing synthesis mechanism. They characterized their MCM-41 via X-ray diffraction
(XRD), temperature-programmed XRD, infrared spectra, Raman spectra, thermo-
gravimetric analysis (TGA), "N NMR, and Ny measurements. The use of XRD and
liquid Ny adsorption are the most commonly used means to characterize MCM-41.
Using YN NMR they found that randomly ordered rod-like micelles interact with sil-
ica to form micelle-supported silica rods. The micelle supported rods then assemble
into the hexagonal order associated with MCM-41.

Reports have also been published on the optimum synthesis conditions required
to produce high quality MCM-41. For example, Park et al.® performed a series of
experiments to determine the optimum reaction gel composition for the preparation
of MCM-41 and monitored the progression of the reaction by measuring the pH of
the reaction gel. They concluded that the optimum molar ratios of the reagents in
the reaction gel should be SiO,:20 CTACI:0.18 TMAOH:25 H5O0.

Optimizing the long-range order of MCM-41 has also been examined in relation

to the pH of the synthesis gel. The pH of the solution decreases as the reaction



proceeds. Ryoo and Kim® found that the long range XRD order of the MCM-41 was
increased by periodically titrating the reaction gel with acetic acid. Expanding on the
work of Ryoo and Kim, Edler and White” determined that using H,SO, and titrating
to a pH of 9-10 provided a highly ordered MCM-41 material. Further papers examined
the effects of acid-titrated MCM-41 preparations by examining the material’s stability
and wall structure.®?

In addition to pH, studies have examined a wide variety of MCM-41 char-
acteristics in relation to synthesis conditions. For example, Huo et al.l studied
the relation between templating surfactants, synthesis conditions, and post synthesis
treatments on the resulting silica mesophase. Other work has examined post syn-
thesis treatments and organic swelling agents as a route to pore size expansion,'! 14
while others have focused on the quantification of the phase composition of MCM-
41.%5 The evolution of MCM-41 material during the calcination process has been
examined to determine how the micelle template is removed from MCM-41.1¢ The

d17—20 and

aging, thermal, and hydrothermal stability of MCM-41 have been studie
attempts have been made to improve the stability of MCM-41.21

Several other authors have characterized the pore structure of MCM-41. Zhu
et al.?* applied an extension of the micropore analysis method (MP method) and
found results consistent with the dimensions obtained with XRD. Kruk et al.?*2*
have characterized a wide variety of different size MCM-41 materials via XRD and
Ny adsorption isotherms. During their investigation they found that by modifying the
Kelvin equation and applying the Barrett-Joyner-Halenda (BJH)? method, accurate
pore size distribution (PSD) predictions of MCM-41 materials could be determined.!?
The application of the BJH method with the modified Kelvin equation is frequently
referred to as the Kruk-Jaroniec-Sayari or KJS method.'® Choma et al.?6 compared

the KJS method of determining the PSD of MCM-41 to BJH, Dollimore and Heal
(DH), and Broekhoff and deBoer (BdB) methods. They found that the KJS method



provides a reliable estimate of the pore size of mesoporous materials.

The ability to synthesize a controllable mesoporous silica material led to the
use of the M41S materials as templates for the synthesis of mesoporous carbons.
Sakintuna and Yurum?’ provide a review of templated porous carbons. In their
review the synthesis of porous carbons is divided into five steps: (i) synthesis of the
inorganic template, (ii) impregnation of the template with an organic template such
as polyfurfuryl alcohol, phenol, formaldehyde, or acrylonitrile, (iii) polymerization
of the precursor (iv) carbonization of the organic material, and (v) removal of the
inorganic template.

Ryoo et al.?® used MCM-48, another member of the mesoporous silica family
M418, as a silica support in the production a mesoporous carbon termed CMK-1. The
material has two PSDs, one centered in the nanoporous region with pores ranging
from 5-8 A and one centered in the mesoporous region with pores near 30 A.

Kruk et al.? also studied MCM-48 silica as a template for mesoporous carbons
by synthesizing a variety of MCM-48 samples and impregnating them with sucrose in
the presence of sulfuric acid. In order to provide a comparison, they also impregnated
MCM-41 with sucrose and MCM-48 with polyfurfuryl alcohol. However, in order for
the impregnation of MCM-48 with polyfurfuryl alcohol to take place it was necessary
to convert the pure silica MCM-48 sample into an aluminosilicate via a postsynthesis
alumination method.3%3! They found that the templating of MCM-41 and MCM-48
showed that after the removal of the silica template CMK-1 retains long-range order
and mesoporosity. The authors point out that upon the removal of the MCM-41
template the resulting carbon loses all long-range order and is completely nanoporous.

The work of Kruk et al.?® is consistent with previous results published by
Lee et al.,*? which showed that after the removal of the MCM-41 silica template, the
resulting carbon structure was nanoporous. The impregnation procedure of Lee et

al. is different from the work of Kruk et al. Lee et al. first incorporate phenol inside
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the pores of MCM-41 and then statically heat the phenol MCM-41 composite in the
presence of formaldehyde to polymerize the phenol and formaldehyde. The resulting
carbon composite material is then heated under N, to carbonize the phenol resin.
The predominant pore size of the carbon acquired after the removal of the silica
template is 6 A. The nanoporous nature of the resulting carbon is attributed to the
carbonization of the phenol resin and not to an activation process occurring as a result

1.32 Kruk et al., however,

of the carbon being contained inside the pores of MCM-4
state that the use of the MCM-41 template was responsible for the development of
the adsorption properties of the nanoporous structure of the sucrose-based carbon.

Joo et al.?® used SBA-15,2* a mesoporous silica with hexagonal channels con-
nected radially by various nanopores and mesopores, to synthesize the mesoporous
carbon CMK-5. Unlike carbons templated from MCM-41, CMK-5 maintains its long
range structural ordering after removal of the SBA-15 silica template.®® Kruk et al.?®
used polyfurfuryl alcohol to impregnate an aluminated SBA-15 and formed CMK-5
by carbonizing the polymer under vacuum and CMK-3 by carbonizing the polymer
under Ny. Various other carbon materials templated from silicas each with different
molecular symmetry have been reported and their related papers have been briefly
summarized by Kruk et al.®® in their work on carbon nanopipes. Briefly, according
to Kruk et al. , CMK-43" has been templated from FDU-5,2%39 cubic carbon CMK-
240 has been templated from SBA-1,*' and CMK-3,>>? a carbon with hexagonal
symmetry, has been synthesized from SBA-15.

The use of polyfurfuryl alcohol (PFA) in the production of nanocarbons and
nanocomposites has been extensive. A review of progress in this area is available from
Wang and Yao.** Some of the applications mentioned by Wang and Yao are the car-
bonization of PFA in the pores of Zeolite Y** and incorporation of PFA into lamellae
of montmorillonite (MONT), taeniolite (TAEN), saponite (SAPO), and smectite.*> 5!

Bandosz et al*® reported that PFA-based carbons templated on TAEN showed
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nanopores between 3.6 A and 6 A and, because of the presence of nanopores, the tem-
plated carbon demonstrated a molecular sieving effect. The preparation of nanopores
via impregnation of activated carbon with PFA has been explored by Moreira et al.??
and Soares et al.®® and is mentioned by Wang and Yao.*® Nanoporous-based sieving
was also seen when PFA was placed on stainless steel supports and pyrolized to create
a nanoporous carbon membrane.?*% The nanopores that were created from PFA to
form the membrane had a PSD of 4.5-5.5 A 549

Foley et al.?%! has completed extensive work with PFA and the production
of carbogenic molecular sieves (CMS). They show that the adsorption of Ny at 77
K is difficult to measure due to the high diffusion resistance of nitrogen into PFA-
derived CMS. CO, and C4H;g uptake data are provided to illustrate the effects of
diffusion resistances found in PFA-derived CMS. The work shows that increasing the
carbonization temperature and soak time increases the diffusional resistance of the
material. Ny adsorption studies on CMS derived from PFA containing polyethylene
glycol (PEG) show that the PEG/PFA samples exhibit faster diffusion of nitrogen
into the material when compared to the pure PFA carbon. The pore size calculated
by the Horvath-Kawazoe$? method for PEG /PFA-derived CMS is 5.5 A% In a review
article the inability to calculate a PSD using Ny isotherms is addressed. Foley shows
that by using the Horvath-Kawazoe (HK) equation and the physical parameters for
CH;CI that the PSD of PFA-derived CMS is centered at 5.5 A.%3

While the studies listed above are extensive, absent from the literature is an
examination of the nanoporous carbon composites that contain both carbon and the
silica template. Emphasis has been placed on synthesizing pure carbon materials.
However, having an ordered, pure carbon material may not be necessary if the silica
template can be lined or coated with carbon. One particular carbon composite of
interest is PFA carbon supported by MCM-41. This particular composite material

has not been studied in the literature. While PFA derived carbon, templated MCM-
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41 carbon, and MCM-41 carbon composites are dominated by nanoporosity, only the
composite material has a regular repeating structure.

Furthermore, very little work has been reported in the templating of an or-
dered nanoporous carbon. Developing a nanoporous carbon lining in a silica template
becomes increasingly difficult as the size of the silica pore decreases because it is more
difficult to suppress the formation of carbon in the entire volume of the template.3
However, a well ordered nanoporous material could easily find applications as an ad-
sorbent or a catalyst support. Developing a carbon-silica composite material provides
a logical step in the development of a well ordered nanoporous carbon. Furthermore,
understanding the type of nanoporosity present in the composite material is impor-
tant for its application.

The purpose of this work is to synthesize a novel carbon silica composite (CSC)
material by impregnating MCM-41 with PFA and to characterize the material to
understand the nature of the resulting nanoporosity. The synthesis of this material
is depicted conceptually in Figure 2.1, which shows a nanoporous carbon within
the pores of mesoporous MCM-41. Synthesis conditions are discussed in relation to
material size and quality. Results show the use of MCM-41 as a template to design an
adsorbent material with a PSD similar to CMS. The parent MCM-41 material and
CSC are characterized by N, adsorption, thermogravimetric analysis (TGA), and
XRD. The properties of CSC are contrasted with the properties of a carbon prepared
from PFA as a control. Additionally, adsorption isotherms for Ny, CO,, CHy, and

CyHg are presented for both the parent MCM-41 and CSC.

2.2 Experimental Section

Materials and Instrumentation

Tetramethylammonium hydroxide pentahydrate (TMAOH) (97%), tetram-

ethylammonium silicate solution (TMASi) (99.99%, 15-20 wt % in water), sulfuric
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Figure 2.1: Conceptual depiction of CSC creation
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acid (95.0-98.0%), polyfurfuryl alcohol (99%), benzene (99%), and aluminum chloride
hydrate (99.999%) were all purchased from Sigma Aldrich. Hexadecyltrimethylam-
monium chloride (CTAC) (25%) in water solution was purchased from Pfaltz and
Bauer. An ammonium hydroxide (29 wt %) water solution and Cab-O-Sil M5 were
purchased from Fisher Scientific.

Adsorption isotherms were measured using the gravimetric apparatus described
by Walton et al.®* Cryogenic adsorption measurements were made with a Micromerit-
ics ASAP 2010. X-Ray diffraction data were gathered using a Scintag X; 6/6 auto-
mated powder diffractometer with Cu target, a Peltier-cooled solid-state detector,
and a zero background Si(510) support, and a copper X-ray tube as the radiation

source.

Synthesis Method for MCM-41

The synthesis procedure was based on the work of Davis** and Edler and
White.” A nominal 30 A MCM-41 material was synthesized by combining 2.4 g 29
wt % ammonium hydroxide and 21.2 g of 29 wt % CTAC to form solution A. Then,
3.04 g of TMAOH was dissolved in 20 g of 10 wt % solution of TMASi to form solution
B. The two solutions were then combined with stirring, and 4.5g of Cab-O-Sil M5, a
fumed silica, was added to form the reaction gel. The reaction gel was then stirred at
room temperature for 20 minutes. Next, the resulting gel was heated in a Teflon-lined
autoclave at 80 °C for 3 days. The reaction vessel was removed from the oven after
the initial 24 hours, allowed to cool to room temperature, the pH was adjusted to 10
using sulfuric acid, and the vessel was placed back in the oven. The solid product
was recovered by vacuum filtration, washed with deionized water, and allowed to dry
at ambient temperature. Finally, the dry solid was heated in air at 1 °C per minute

to 540 °C and maintained at 540 °C for 10 hours.
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Synthesis Method for CSC

The impregnation of MCM-41 was performed following the work of Kyotani,*®
Ryoo et. al.,Y and Kruk et al?® MCM-41 was first impregnated with aluminum
by mixing MCM-41 with an aqueous solution of aluminum chloride. The solution
was stirred for 3 hours, and the products was then recovered by vacuum filtration,
dried in a convection oven, and calcined in air at 540 °C. The aluminated MCM-41
was placed in a Teflon-lined autoclave containing an 80% furfuryl alcohol in benzene
solution. The impregnation solution was stirred for three days at room temperature.
After stirring, the solution was statically heated for 24 hours at 80 °C. The product
was recovered via vacuum filtration and placed in a reaction vessel, which was then
heated at 1 °C per minute to 150 °C and maintained at 150 °C for 6 hours under Nj.
Then the sample was heated at 5 °C per minute to 600 °C and maintained at 600 °C
under Ny for 3 hours.

The MCM-41 material was impregnated with furfuryl alcohol in excess. By
weight the MCM-41 material comprised only 2% of the total weight of the solution.
Impregnation in this manner was performed to ensure that the MCM-41 was suffi-
ciently loaded and that the loading was not a function of the quantity of furfuryl
alcohol present in the solution. Washing steps were not performed on the impreg-
nated material after it was filtered from the PFA-benzene solution in order to prevent

removing the PFA from the pores of the MCM-41.

2.3 Results and Discussion

Characterization

The MCM-41 parent material was characterized by XRD and adsorption isotherms
prior to being impregnated with PFA. The XRD results show a highly ordered MCM-
41 material as illustrated in Figure 2.2. A high degree of structural regularity is in-

dicated by five distinct sharp peaks corresponding to five orders of X-ray diffraction.
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The MCM-41 material was also characterized using Ny adsorption at 77 K in
order to determine an average PSD. Figure 2.3 shows the MCM-41 N, adsorption
isotherm, which is Type IV according to the IUPAC classification. For convenience,
Kruk et al.?* define primary mesopores as the pores that are defined by the MCM-
41 channels. They also define secondary mesopores as large mesopores and small
macropores (from about 5 to 200-400 nm) in which capillary condensation takes place
at relative pressures higher than in primary mesopores but less than the saturation
vapor pressure. The sharp rise near 0.4 P/P, corresponds to condensation in the
primary mesopores. As the size of the primary mesopores increases the capillary
condensation step shifts to higher relative pressures and hysteresis becomes more
pronounced. With MCM-41 materials that have a larger pore size the hysteresis loop
continues into lower relative pressures beyond the primary mesopore condensation
step. Several authors®*24% have discussed the phenomenon of hysteresis in MCM-
41. As the pore size of MCM-41 is further reduced, the capillary condensation step
occurs at lower relative pressures and the hysteresis in the secondary mesopores is
less pronounced.?3

The PSD of MCM-41 materials was calculated using the KJS method.!! Fig-
ure 2.4 shows the result for the parent MCM-41. The PSD shows a large developed
peak near 38 A. The PSD is consistent with data presented by others for a surfactant
16 carbon atoms in length.?

Using the Ny adsorption data, a standard adsorption plot (alpha plot) was
generated for the parent MCM-41 using LiChrospher Si-1000 Silica® as a silica ref-
erence. The results are presented in Figure 2.5. The solid lines seen on Figure 2.5
illustrate the data that were used in the calculation of the material properties. Using
the method outlined by Do,%" the alpha plot was used to calculate total surface area,
external surface area, nanopore surface area, and nanopore volume. The results are

summarized in Table 2.1.
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After impregnating the parent MCM-41 material with PFA and carbonizing
it inside the pores, the resulting CSC material was characterized with XRD, Ny
adsorption measurements, and TGA. The results are shown in Figures 2.6 through
2.10. Figure 2.6 shows that CSC maintains its long-range order. The peaks that
are present in the base MCM-41 material are also present in CSC. Silica carbon
composites of this type are known to maintain crystallinity so long as the silica
template is not removed.?>3? The XRD pattern is diminished in both intensity and
the number of visible diffraction peaks due to the impregnation.

By examining the Ny adsorption isotherm shape seen in Figure 2.7, it can be
seen that CSC is dominated by nanoporosity. The PSD is centered at approximately
5 A when calculated using the HK method as illustrated in Figure 2.8. When exam-
ined in detail, the PSD shows a narrow distribution of nanopores between 4.6 A and
5.25 A. There is no noticeable sign of mesoporosity present in the PSD with the
exception of one data point at 20 A, which represents only a small fraction of the
total pore volume. The work presented here is consistent with the work of Shiflett et
al.>*3% concerning membranes formed with PFA. Shiflett et al. found the PSD to be
centered between 4.5 A and 5.5 A.

To further examine the porosity of CSC, alpha plots were calculated using the
N, adsorption data and nongraphitized carbon black (Cabot BP 280) as a reference
material.®” Figure 2.9 is consistent with a nanoporous material as illustrated by
the deviations from linearity in the low pressure region. Using the alpha plot total
surface area, external surface area, nanopore surface area, and nanopore volume were
calculated and are summarized in Table 2.1.

A PFA carbon was also prepared as a control using the same conditions that
were used to prepare CSC. Nitrogen adsorption experiments using the control were
not possible due to the strong diffusion resistances of the material. Also, the control

material contained no crystal order in the 0-7 2-theta range. The results of the control
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1551 in that the nanoporosity of

experiment are consistent with the work of Foley et a
the material is readily detectable with Ny adsorption experiments when the diffusional
path of the Ny is reduced with the introduction of larger mesopores. Therefore, the
MCM-41 material acts in a similar manner as the PEG introduced into the carbogenic
molecular sieves of Foley et al. The PSD of PEG/PFA-CMS materials is centered at
5.5 A,6! which is consistent with the 5.0 A PSD found in CSC.

To provide an estimate of the total amount of carbon loaded into the pores of
the MCM-41 material, a TGA experiment was performed. The samples were heated
from room temperature in air at 5 °C per minute to 600 °C with an air flow rate of
10 ml per min. The sample was maintained at 600 °C for 5 hours. The final dwell
temperature of 600 °C was selected for several reasons. First, Chen et al.®> showed
that calcined MCM-41 has a noticeable weight loss above 600 °C due to condensation
of silanol groups. Also, the samples were synthesized near 600 °C, with template burn
off at 540 °C and carbonization at 600 °C. Therefore, a TGA dwell temperature of
600 °C is consistent with the synthesis conditions. At higher temperatures there is
also a greater potential of damage to the structure. The selected dwell temperature
ensured that besides the carbon burn off there were no other coupled weight loss
effects.

To verify that the TGA heating conditions would remove only the carbon
from the CSC, the parent MCM-41 was examined. Figure 2.10 shows both the parent
MCM-41 and CSC along with the temperature profile used during the TGA exper-
iment. The parent MCM-41 shows a total weight loss of approximately 6.5 wt %.
The weight loss is the result of the loss of adsorbed water, condensation of silanol
groups, as well as the removal of any residual organic synthesis template. The TGA
experiment for the parent material shows that only a small amount of weight is lost
during the heating cycle.

CSC shows a 37 wt % loss during the experiment. The bulk of the weight
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loss in the TGA experiments can be attributed to carbon contained in the pores of
the material. However, during the impregnation of the parent MCM-41 some carbon
is deposited on the surface of the material and is also removed during the TGA
experiment.

To place perspective on the weight loss of the impregnated material seen during
the TGA experiment, the theoretical maximum loading was calculated using the
liquid density of furfuryl alcohol (1.135 g/cc), its molecular weight (98.1), the total
gas volume adsorbed by the sample (615.5 cm®/g STP), and a conversion factor to
convert Ny gas volume to liquid volume. It was assumed that the entire pore volume
of the solid was filled with PFA and that none of the carbon from the PFA was lost.
The maximum theoretical loading for the parent MCM-41 was determined to be 39
wt %. While the weight loss seen in the TGA experiment for CSC is below the
theoretical maximum, it would still be reasonable to assume that some of the carbon
resides on the surface of the parent material.

Furthermore, the carbon in CSC could reside in the pores as either a porous
lining, a non-porous lining, a non-porous filling, or a porous filling. A significant
reduction in surface area would be expected from a non-porous lining or non-porous
pore filling. However, the surface area and pore volume of the composite material
was only slightly reduced. Therefore, it is reasonable that the carbon contained in
the pores of CSC is porous and is present as either a porous lining or a porous filling.
In the case of a porous lining the carbon may be filling the vast majority of the pore
volume of the MCM-41 host. Therefore, the CSC material does not display strong
signs of mesoporosity.

Furthermore, the results show that the MCM-41 channels have an effect on the
porosity of PFA-derived carbon. The PFA control carbon has a very strong diffusion
limitation that is not present in the CSC. Recent work shows that carbons derived

from PFA maintain a blend of mesopores and nanopores but that processing the
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Table 2.1: Physical properties of MCM-41 and impregnated MCM-41.

Sample Parent  Impregnated
MCM-41 MCM-41

Sger (mM?/g) 910 850
Cgrr 116 166
S (m?/g) 800 835
Sext (m*/g) 92.7 97.7
Smeso (M?/g) 710 -
Vieso (cm?/g)  0.713 —
Snano (mQ/g) o 740
Vyano (cm?/g) - 0.642
Viax (cm®/g)  0.952 0.794
duk (A) 325 5.25
diys(A) 38.0 -
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material above 400°C collapses the mesopores.®® However, in the case of the CSC the
mesopores of the MCM-41 do not collapse during the processing of the material and
thus provide a means of increasing the diffusion rates of gases within the material.

The surface area has also been examined on a per carbon basis. By using
the carbon loading data from the TGA experiment, the surface area was scaled to
reflect adsorption based only on the weight of the carbon contained in CSC. When
considered on a per carbon basis, CSC has a surface area of 2290 m?/g. The per
carbon basis surface area is more than twice the surface area of traditional activated
carbons. However, there may be residual patches of MCM-41 that are not lined with
carbon but are contributing to the adsorption.

By maintaining the MCM-41 silica template in CSC, an ordered, templated
nanoporous carbon is obtained. CSC is unique when compared to templated meso-
porous carbons that have been extracted from silica structures. Specifically, a 5 A pore,
high surface area, and regular structure are distinctive relative to other templated car-
bons. The surface area of CSC is also substantially higher than the surface area of
pure PFA carbons and PEG-modified PFA carbons.®! The unique structure of CSC
is well suited for applications requiring an ordered nanoporous carbon. To the best
of our knowledge, CSC is the only nanoporous carbon templated material with such

distinctive physical properties.

Adsorption Isotherms

Several isotherms were measured to understand how the carbon impregnated
into MCM-41 affects adsorption equilibria. Room temperature isotherms of Ny, COg,
CHy, and CyHg were measured for the parent MCM-41, CSC, and the control. Ad-
sorption equilibria data for the PFA control carbon were compared to similar data
taken by others.%! The isotherms for CSC are also presented on a per weight of car-

bon basis and are compared to isotherms for BPL activated carbon. The results of
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these experiments are illustrated in Figures 2.11-2.14. The experimental data were

fit to either a Langmuir isotherm
n*KP

_ WA 2.1
"TI1YKP (2.1)

where n° is the monolayer capacity and K is the equilibrium constant or a Toth
isotherm

b 1/t
p= — J (2.2)

{(n/ ns)”
where b and ¢ are constants and n; is the saturation loading. The values of parameters
for these equations are presented in Tables 2.2 and 2.3.

The saturation values presented in Tables 2.2 and 2.3 provide a reliable fit
to the data measured. Because the isotherm data were measured at low pressure,
the Henry’s law constants for the adsorption can be calculated as the product of the
saturation loading and the equilibrium constant K. It should be noted, however,
that more accurate saturation loadings could be obtained if the adsorption isotherms
covered a broader range of pressures. The saturation loadings of MCM-41 are higher
than the other materials because of the large open pore structure of the material.
Measuring the adsorption isotherms at a broader range of pressures would reduce
these values and more accurately reflect the true saturation loading.

The isotherms of the parent MCM-41 are consistent with the data reported
by He and Seaton.”® The data show limited adsorption of Ny and CH, because of
the large pores of MCM-41 relative to the 3.0 A and 4.0 A diameters of N, and CHy,
respectively. Also, methane is non-polar and N5 has only a slight quadrapole moment,
thus limiting its adsorption on a silica surface. COs, however, has a strong quadrapole
moment and interacts electrostatically with the silica surface, thus promoting adsorp-
tion. CoHg has the largest kinetic diameter of gases examined and therefore adsorbs
more effectively than the smaller Ny and CHy.

As is evident in Figure 2.13, CSC shows an appreciable increase in adsorption

for all of the light gases studied. The increase in adsorption is primarily due to a
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Table 2.2: Parameters used in Langmuir isotherms.

Adsorbent / Gas

n® (mol/kg)

K x 10° (kPa!)

CSC

CO, 2.62 9.30
CH,4 0.96 13.96
N, 1.43 1.53

Parent MCM-41
CoHg 2.95 4.88
CO, 3.27 3.06
CHy4 32.3 0.056
Ny 20.5 0.054
BPL activated carbon
CO, 3.64 10.1
CH,4 2.15 8.23
PFA control
CO, 2.08 29.6
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decrease in the pore diameter. By decreasing the pore diameter, the molecules in the
pores of the material experience a stronger attractive potential from the pore wall
and are therefore more readily adsorbed. For example, the increase in the adsorption
of both Ny and CHjy relative to pure MCM-41 is due to the smaller pore size of the
impregnated material. The carbon surface of the pore walls of CSC is also different
than pure MCM-41 and helps to promote the adsorption of straight chain hydrocar-
bons such as CoHg. However, the carbon surface does not promote the adsorption of
charged species such as COs.

CSC behaves similarly to BPL activated carbon as illustrated by the adsorp-
tion isotherms presented in Figure 2.12. The similar adsorption patterns seen between
CSC and BPL shows that the adsorbate is interacting with a carbon surface. The

isotherm for Ny on BPL presented in Figure 2.12 was reproduced using
P = nexplk, + (k1/T) + (kon/T)] (2.3)

from the work of Mahle et al.™ with T in K, n in mol/kg, and P in kPa and where
k, = 22.75, k1 = —5101, and ky = 922. The adsorption data for COy, CH,4, and CoHg
were used as presented elsewhere.”” ™ The BPL carbon shows a greater total volume
adsorbed for each of the gases considered relative to the impregnated material.

Using the total carbon loading gathered via the TGA experiments, the isotherm
data for CSC were scaled to show adsorption equilibria on a per weight carbon only
basis. The isotherms for CSC on a per weight of carbon basis are presented in Fig-
ure 2.14. The per carbon basis isotherms for CSC shows a greater total adsorption
for each of the gases studied when compared to BPL carbon.

Also presented in Figure 2.14 is the adsorption isotherm for CO, on the PFA
control carbon. The isotherm for the control carbon is consistent with the uptake
data of Lafyatis et al.! for CO,. Isotherm data for other gases on the control
material were not gathered due to the extensive amount of time required to reach

equilibrium. The uptake of CO5 on the PFA control carbon was substantially slower
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Table 2.3: Toth isotherm parameters for CoHg.

Adsorbent ns (mol/kg) b (kPa)® ¢
CSC 7.65 5.91 0.474
BPL activated carbon 11.74 1.52 0.282
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than the uptake of CO5 by CSC. While CSC took only minutes to equilibrate, the
PFA control carbon required several hours to reach equilibrium. The faster uptake
of CO4 by CSC relative to the control carbon is consistent with the uptake data for
the PEG/PFA-CMS materials of Foley et al.’®®' The decrease in time required for
CSC to reach equilibrium provides further evidence of the MCM-41 decreasing the
diffusional path of the PFA carbon.

2.4 Conclusions

The impregnation of MCM-41 with polyfurfuryl alcohol and the subsequent
carbonization of the silica polymer composite results in a carbon-silica composite
(CSC) material that has a high surface area, approximately 850 m?/g, and is dom-
inated by nanoporosity with pore sizes of approximately 5 A. CSC has a Type I
isotherm and shows a crystal order that is the same as the parent MCM-41 material.
The MCM-41 structure shortens the adsorbate diffusional path, and therefore the
material behaves similarly to the PEG/PFA-derived CMS of Foley et al.’ ' The
shorter diffusional path allows CSC to reach equilibrium faster than carbon derived
from pure polyfurfuryl alcohol for the gases Ny, CHy, CoHg, and COs. The decreased
pore size of CSC provides for better adsorption of gases studied relative to the parent
MCM-41. The narrow 5 A pores and the regular order of CSC are good incentives

for its application as an adsorbent for specific applications.
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CHAPTER III

CARBON-SILICA COMPOSITE ADSORBENT: SENSITIVITY TO SYNTHESIS
CONDITIONS

3.1 Introduction

A great deal of work has been performed recently to design mesoporous car-
bons by using controllable mesoporous silica templates. These materials provide a
foundation for the design of a tunable, nanoporous, carbonaceous adsorbent. In our
previous work,! several examples were discussed in a literature review in which a
variety of different silica templates were related to the resulting templated carbon
they produce. Of particular interest is the work performed by Kruk et al.? and Lee
et al.®> in which it was shown that MCM-41 templated carbon composite materials
develop nanoporosity and that the carbon material recovered after extraction of the
MCM-41 template is disordered. Kruk et al.* and Fuertes® show that carbon tem-
plated from SBA-15 can be controlled by the selection of the proper carbonization
processing conditions. Also discussed in the review is the work of Foley et al.5® on
the development of polyfurfuryl alcohol (PFA) derived carbogenic molecular sieves
and furfuryl alcohol derived carbon membranes with high ideal selectivities for small
molecules such as nitrogen, oxygen, helium, and hydrogen.

The development of a controllable carbon adsorbent, as well as the established
work concerning the application of PFA carbon membranes, makes the impregnation
of MCM-41 by PFA for the production of a nanoporous carbon adsorbent uniquely
appealing. In our previous work, we documented several unique features of our PFA
impregnated MCM-41 carbon silica composite (CSC) material. We showed that our
CSC material is nanoporous, contains exclusively a 5 A pore, a high surface area
(848 m?/g), and a long range order. Each of these features provides evidence of

the synthesis of a well defined and ordered carbon material. Moreover, in order to
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further develop CSC materials as a tunable carbonaceous adsorbent, it is necessary
to understand better the effects of synthesis conditions on the resulting material.

Burket et al.” have provided extensive details concerning the carbonization of
furfuryl alcohol. The authors state that the porosity formed from carbonizing PFA is
generated spontaneously as ether linkages in furan rings fracture around 300 °C and
remnants of the furan rings coalesce. At this temperature fractured ether linkages
form carbonyl groups, which closely resemble the original polymer, provide a frame-
work for mesoporosity in the carbon, and allow for the rapid transport of gaseous
decomposition products through the carbon. As the temperature is increased to
500 °C, the polymer remnants and carbonyl groups decompose, and the mesoporosity
of the carbon collapses leaving only a nanoporous carbon.?

The spontaneous generation of nanoporosity resulting from the chemical de-
composition of the polymer provides a unique opportunity to tune the resulting carbon
structure by altering the conditions of the carbonization. Therefore, the purpose of
this work is to examine the sensitivity of CSC carbons to PFA solvent and carboniza-
tion pressure. Following this reasoning, several synthesis conditions were selected to
investigate the effect of processing on the nature of the resulting CSC material. To
determine the sensitivity of carbon to the solvent used during the impregnation se-
quence, samples were prepared using benzene, toluene, and methanol as the furfuryl
alcohol solvent.

Because the polymer liberates gaseous products as it is carbonized, CSC mate-
rials were also processed under vacuum, atmospheric pressure, and 5 atm of pressure.
Performing the carbonization under vacuum may allow for more effective diffusion of
the decomposition products from the material or it may increase the volume of the
gaseous by-products. Likewise, processing the material under pressure may alter the
nature of the resulting pore structure by compressing the gaseous by-products exiting

the sample or activate the material by forcing nitrogen into the polymer.
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Also, to place perspective on the role that the MCM-41 template is having
on the formation of the nanoporosity of the sample, a material was prepared using a

silica gel template in place of MCM-41.

3.2  Experimental section

Materials.

Tetramethylammonium hydroxide pentahydrate (TMAOH) (97%), tetram-
ethylammonium silicate solution (TMASi) (99.99%, 15-20 wt % in water), sulfuric
acid (95.0-98.0%), polyfurfuryl alcohol (99%), benzene (99%), aluminum chloride hy-
drate (99.999%), and toluene (99.5%) were all purchased from Sigma Aldrich. Hex-
adecyltrimethylammonium chloride (CTAC) (25%) in water solution was purchased
from Pfaltz and Bauer. An ammonium hydroxide (29 wt %) water solution and
Cab-O-Sil M5 were purchased from Fisher Scientific.

Cryogenic adsorption measurements were made with a Micromeritics ASAP
2010. X-ray diffraction data were gathered using a Scintag X; 6/6 automated powder
diffractometer with Cu target, a Peltier-cooled solid-state detector, a zero background

Si(510) support, and a copper X-ray tube as the radiation source.

Synthesis Method for CSC

The synthesis procedure for MCM-41 material was based on the work of oth-
ers'®? and is the same as detailed previously.! MCM-41 was first impregnated with
aluminum by mixing MCM-41 with an aqueous solution of aluminum chloride. The
solution was stirred for 3 hours, and the products were then recovered by vacuum
filtration, dried in a convection oven, and calcined in air at 540 °C. The aluminated
MCM-41 was placed in a Teflon-lined autoclave containing an 80 % PFA in toluene

solution. The impregnation solution was stirred for three days at room temperature.

After stirring, the solution was statically heated for 24 hours at 80 °C. The key dis-
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tinctions between each sample preparation are presented briefly in Table 3.2. For
the synthesis of CSC-2, the product from the previous step was recovered via vacuum
filtration and placed in a reaction vessel, which was then heated at 1 °C per minute to
150 °C and maintained at 150 °C for 6 hours under N,. The sample was then heated
at 5 °C per minute to 600 °C and maintained at 600 °C under Ny for 3 hours. The
synthesis of CSC-3 was the same as that for CSC-2 except the polymerization step
at 150 °C and carbonization step at 600 °C were preformed under approximately a
9.2 x 107° atm vacuum. CSC-4 was synthesized the same as CSC-2 except the 150 °C
and 600 °C steps were preformed under 5 atm of nitrogen. CSC-5 was prepared
the same as CSC-2 except methanol was used as the furfuryl solvent. CSC-1 was
prepared as documented in our previous work using benzene as the furfuryl solvent
and following the synthesis steps outlined for CSC-2. Finally, the silica gel carbon
composite, CSC-Si, was synthesized following the steps of CSC-2 except silica gel was
used in place of MCM-41.

3.3 Results and Discussion

The base MCM-41 material used for impregnation is well ordered, has a narrow
PSD centered at 38 A, and approximately 900 m? of surface area. The material used
in this work is the same material used previously;' therefore, the X-ray diffraction
(XRD) plots, nitrogen adsorption data, and corresponding standard adsorption plot
can be found in the original work.

The new CSC materials were characterized using XRD to ensure that the long
range ordering of the parent MCM-41 was present in the carbon. All of the materials
exhibit XRD patterns similar to the one shown in Figure 3.1 indicating the presence
of long range ordering.

Nitrogen adsorption isotherms for these materials are shown in Figure 3.2.

The Type I adsorption isotherms are consistent with materials that are completely
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Figure 3.1: XRD pattern for CSC-2.
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Figure 3.2: Nitrogen adsorption isotherm for CSC materials and parent MCM-41. (a)
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nanoporous. Our initial work shows a material that maintains some residual meso-
porosity as seen by the large linear portion of the isotherm beginning at approximately
0.2 relative pressure. However, all subsequently prepared CSC materials do not show
the residual mesoporosity regardless of the preparation method. Also, the nanoporos-
ity seen in the original work collapsed after a period of several weeks. This collapse
decreased the surface area and left a purely nanoporous Type I isotherm similar to
the isotherms and surface area reported in this work. Therefore, the isotherm in the
original work shows intermediate CSC structure that still maintains some of the resid-
ual mesoporosity of the MCM-41 template. The lack of nanoporosity in the current
CSC materials illustrates that these materials are more completely developed and
structurally stable.

The surface area of these materials was affected by the processing conditions
used during synthesis as illustrated in Table 3.2. Both CSC-2 and CSC-5, the materi-
als prepared with toluene and methanol respectively, show a reduction in surface area
relative to the material prepared using benzene. The effect illustrates that some con-
trol over the resulting carbon structure can be achieved by altering the PFA solvent
used during synthesis.

Altering the pressure at which the carbonization and polymerization steps
were performed had a stronger impact on the surface area than solvent effects. The
results for CSC-4 show that performing polymerization and carbonization steps under
pressure significantly inhibits the development of nanoporosity and surface area when
compared to CSC-2, the material polymerized and carbonized under 1 atm of pressure.
In fact, the surface area of CSC-4 is close to that of CSC-Si, the material prepared
using silica gel instead of MCM-41. The reduced surface area of CSC-4 shows that
these materials are not activated via a high pressure carbonization.

However, performing these steps under vacuum produced a material with a

higher surface area than to CSC-2. In these particular samples, the material prepared
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under vacuum, CSC-3, has a surface area 230 m? higher than CSC-4, the material
prepared under 5 atm of pressure. It is difficult to determine the mechanism by
which pressure impacts the formation of PFA carbon. It is possible that performing
the carbonization steps under vacuum helps to liberate gaseous byproducts from the
material, and it is also likely that at low pressure the volume of the by-products
expands and helps to activate the material. Also, as indicated later, under a vacuum
the polymer and some of the resulting carbon may be removed from the MCM-41
structure. The removal of the PFA would result in the sample having a surface area
closer to that of the base MCM-41. In either case, the results indicate that pressure
can be used to adjust the properties of these materials.

The benefit of polymerizing PFA inside the pores of MCM-41 versus silica gel
is well illustrated by the nearly 300 m? increase in surface area of CSC-1 over CSC-
Si. The material developed using silica gel has a Type I isotherm consistent with a
nanoporous sample, and the surface area of CSC-Si is approximately 180 m? higher
than the parent silica gel. The increased surface area is the result of PFA forming
a nanoporous carbon in the large mesopores of the silica gel. The nanoporosity of
CSC-Si is significant because it illustrates that it is possible to form nanoporous PFA
carbon inside the ordered and confined channels of MCM-41 as well as the large
irregular silica gel mesopores.

The alpha plots shown in Figure 3.3 are consistent with materials that are
completely nanoporous. These plots have been prepared using the same methods and
reference materials as reported in our earlier work. All show nanoporous filling below
as=0.5, indicating the presence of enhanced gas-solid interactions due to the overlap
of attractive potentials of opposite nanopore walls.'* Each of the materials, regardless
of their preparation method, is fully-laden with nanopores. The solid linear segments
in these plots illustrate the data that were used to calculate the material properties

for each sample listed in Table 3.2.
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Thermal gravimetric analysis studies of these materials were also performed,
and the results are shown in Figure 3.4. PFA loads the MCM-41 near 40% by weight,
which is close to the theoretical limit.! The fractional carbon loading of each mate-
rial is shown in Table 3.1. CSC-3, the material prepared under vacuum, shows the
least carbon loading implying that some polymer or carbon is removed during the
carbonization. The material prepared using silica gel shows a greater weight loss than
most of the materials prepared using MCM-41 due to the larger volumetric capacity
of the silica gel. The material prepared under pressure also shows increased loading
relative to other CSC materials. This large weight loss is interesting as it shows that
pressure has an effect on the total carbon loading. It should be noted that CSC-4 has
a carbon loading that slightly exceeds the theoretical max. One possible explanation
for this is that the increased pressure is retarding the development and liberation of
gaseous byproducts.

The HK pore size distribution of the CSC materials reported in this work all
show nanoporous pore size distributions centered at approximately 5 A. All of the CSC
materials have nearly identical HK PSDs to the one shown in Figure 3.5. Although
the HK method consistently reports PSDs of this type for nanoporous materials, the
method has been shown to provide a reasonable estimate of the pore size and has
been utilized by others to estimate the PSD of materials with pores near or less than
10 A 13,14

To provide additional information about the pores contained in these materials,
a PSD for each material was calculated using the nitrogen adsorption data and a
carbon slit-pore density functional theory (DFT) model.'>1¢ The results of these
calculations are shown in Figure 3.6. All of the CSC materials have predominately
12 A pores with some nanoporosity below 10 A. The PSDs are all similar with the
exception of the ones for CSC-4, the material prepared under pressure, and CSC-Si,

the material prepared with silica gel in place of MCM-41. The PSD of CSC-4 is not
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o7

50



as clearly defined as the other CSC samples. The DFT PSD for CSC-Si shows pores
at 12 A as well as a distribution of mesopores centered near 67 A that range between
30 and 130 A, which are the result of the partial filling of the large (>100 A) silica
gel mesopores.

In order to determine the reliability of the impregnation procedure, and to
provide a basis for the variance seen in the materials, a second MCM-41 sample was
prepared and impregnated. This material has similar physical characteristics to the
MCM-41 material used for the various processing runs that have been discussed. The
MCM-41 material prepared had a 38 A pore size when measured using the KJS
method, a surface area of approximately 743 m?/g, and was impregnated using the
same procedure used to produce CSC-2. The resulting product has a 12 A pore when
measured using DFT and a surface area of 592 m?/g. The carbon has approximately
80% of the surface area of the original parent MCM-41. CSC-2, likewise, has approx-
imately 71% of the surface area of its parent MCM-41. The results shows that even
when different MCM-41 source materials are used, the relative surface areas of two
similarly prepared carbons are similar, in this case within 10% of one another.

While the CSC materials prepared in this work show nanoporosity when con-
structed using either MCM-41 or silica-gel, other investigations have shown that a
mesoporous carbon can be prepared from PFA by using silica templates such as SBA-
15 and MCM-48.2:4:517 The carbons prepared in these other works make use of silica
templates that are structurally different than MCM-41. In the case of SBA-15 the
primary mesopores are generally larger (30-100 A) than the ones contained in MCM-
41 and they also possess nanoporous interconnects between the primary mesopore
channels. The pore structure of MCM-48 is also different as its pores are three di-
mensional and interconnected. Currently, to the best of out knowledge all reported
MCM-41 PFA impregnated structures have been nanoporous. The lack of devel-

oped mesoporosity from MCM-41 templated carbon and MCM-41 carbon composites
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could be the result of MCM-41 not having nanoporous interconnects between pri-
mary hexagonal channels, or it may be difficult to prevent the complete pore filling of
MCM-41 by PFA. The works discussed above detailing the impregnation of MCM-48
and SBA-15 do mention intrinsic nanoporosity, porosity resulting from the carbon
source alone and not mesoporosity resulting from lining the template, present in the
carbon materials.

These materials have also been characterized by measuring adsorption isotherms
for ethane at room temperature, and the results are shown in Figure 3.7. The ad-

sorption isotherms were modeled well using the Freundlich isotherm
n=KP™ (3.1)

where n is the loading in mol/kg, P is pressure in kPa, and K and m are model
parameters, the values of which are listed in Table 3.1. The Figure shows that CSC
materials prepared using benzene, methanol, and toluene adsorb similar amounts of
ethane. The material prepared under vacuum, CSC-3, the material prepared under
pressure, CSC-4, and the material prepared using silica gel, CSC-Si, all show re-
duced ethane loading. The material prepared under vacuum has a high surface area;
however, as described earlier, preparing the material under vacuum removes some
of the PFA and the impregnated carbon, which reduces the total carbon loading of
the sample. This reduced carbon loading, in combination with the increased surface
area, provides a plausible explanation for why CSC-4 adsorbs slightly less ethane
than CSC-2. Likewise, the material prepared using silica gel maintains a large car-
bon loading; however, ethane adsorption is diminished due to its low surface area.
Also, the material prepared under pressure shows the least amount of ethane loading,
which further illustrates the detrimental effects pressure has on the development of

porosity in the sample.
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3.4 Conclusions

Several CSC materials have been synthesized and characterized, all of which
possess a large surface area and regular pore size. The standard adsorption plots
and adsorption isotherms show that these materials are completely nanoporous. The
results illustrate that MCM-41 provides furfuryl alcohol a large surface area for poly-
merization and carbonization. The CSC material prepared under a moderate pressure
shows a reduced surface area and pore structure relative to those prepared at atmo-
spheric pressure. When the material is prepared under vacuum the surface area of the
material is increased. Altering the solvent used during the MCM-41 impregnation has
a more limited effect on the resulting CSC porosity. A nanoporous carbon prepared
using a silica gel template illustrates that porosity can be formed both inside the
well ordered and confined channels of MCM-41, as well as in the large and irregular
pore structure of silica gel. The regularity of the nanopores contained in these ma-
terials and their high surface area make them reasonable candidates for adsorption

separations.
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Table 3.1: Freundlich isotherm parameters for CSC materials.

Sample CSC-1 CSC-2 CSC-3 CSC-4 CSC-5 CSC-Si
K 0.377 0431 0553 0.299 0.446  0.406
m 0478 0457 0474 0476 0455 0414
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CHAPTER IV

DIFFUSION OF CONDENSABLE VAPORS IN SINGLE ADSORBENT
PARTICLES MEASURED VIA CONCENTRATION-SWING FREQUENCY
RESPONSE

4.1 Introduction

A wide variety of studies have been preformed to identify and mathematically
model adsorption kinetics.'™ One problem of interest is characterizing the kinetics
of adsorption of condensable vapors in various adsorbents. Detailed knowledge of the
kinetics of vapors in carbon particles is important because a variety of filtration sys-
tems are used to adsorb organic vapors. Furthermore, the rate of adsorption of water
by silica gel is also of significance due to the large scale industrial implementation of
silica gel as a desiccant.

The adsorption of water in activated carbon has received a considerable amount
of attention in the research literature. Dubinin and Serpinsky* presented one of the
earliest models of water adsorption equilibrium in carbon particles that considered
adsorption occurring via hydrogen bonds at active sites on the carbon surface. Talu
and Meunier® developed a model to describe water adsorption by describing the ad-
sorption of water as a series of sequential chain reactions to form water clusters. Do
and Do® have developed a model that accounts for the microstructure of activated
carbon by allowing for functional groups to be present at the edges of graphitic planes
and considered water adsorbed in micropores in the form of a pentamer. Continu-
ing this work, Furmaniak et al.” extended the model to account for the variation of
the interaction energy between water molecules and surface active groups. Similarly,
studies have also been conducted detailing the effect of surface oxidation and surface
functional groups on water adsorption.®!'* Recent molecular simulations have also

detailed the adsorption of water in carbon slit pores of varying sizes. In these stud-
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ies, the carbon surface is considered homogenous and pore interconnections are not
accounted for. These works show that the pressure at which condensation occurs de-
creases with decreasing pore width to a limit near 6 A, at which point, water clusters
are constrained and high pressures are required to fill the pore.'?13

The complexities associated with the adsorption equilibrium of water are also
reflected in the adsorption kinetics of water in activated carbon. The studies docu-
menting water adsorption kinetics in activated carbon are more limited than the ones
detailing its equilibrium. Of particular interest is the pioneering work by Foley et al.'*
that describes the kinetics of water adsorption on carbon at different concentrations
using a Glueckauf linear driving force (LDF) coefficient. They reported a minimum in
the LDF coefficient as loading was increased. Following the interpretation of the ad-
sorption equilibria, the kinetic results were interpreted based on water preferentially
adsorbing at active sites and forming clusters.

While this study provided one of the first investigations of the kinetics of wa-
ter on activated carbon, it was necessary to make several assumptions in the work.
The diffusion mechanism for the system was assumed to be described well by a linear
driving force model because this model had been used previously to describe the dif-
fusion of water in carbon molecular sieves; however, results detailing the applicability
of this model to a water-activated carbon system are not presented. Furthermore,
the linear driving force model described in the work of Foley et al. assumes that the
isotherm can be represented linearly for small changes in pressure, but some of the
pressure changes in the work extend over a fairly large range of the isotherm. It is
also assumed that the adsorption process is isothermal, and while the authors state
that the temperature fluctuations where minimal, no evidence is presented that doc-
uments the thermal effects in the system. Moreover, two methods, one static and one

flow-through, were used to acquire the kinetic data. When the uptake data gathered

via the flow through method are plotted as In(1 — M;/M,) versus time, the data do
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not conform to a linear trend. In fact, three linear segments were identified for the ex-
traction of the rate data. The authors attribute the discrepancy to the differences in
the degas procedures of the static and flow through methods; however, the degassing
methods appear adequate as the adsorption capacities are very similar. Therefore,
another explanation is needed to describe the non-linear behavior observed. More
sophisticated mass transport characterization methods, such as concentration-swing
frequency response are now capable of addressing these concerns.

The work of Foley et al. was further extended in a subsequent study!® detailing
the adsorption kinetics of two different activated carbons. In this work, the rate of
adsorption for a coconut-based carbon has a clear minimum as pressure is increased,
whereas for wood-based carbon it decreases continually with increasing pressure. The
unique adsorption kinetics of the materials are attributed to the differences in the ad-
sorption isotherms as well as the differences in the concentration of primary adsorption
sites on the surfaces of the carbons. This result is important because it illustrates
that different types of activated carbon may exhibit noticeablly different mass trans-
fer characteristics and possibly diffusion mechanisms. The minimum in diffusivity
has also been investigated by Cossarutto et al.'® who also described the adsorption
of water vapor using the LDF model, assumed the system to be isothermal, and used
a gravimetric uptake method to gather their kinetic data. The work is similar to
the work of Foley et al. and showed the adsorption kinetics to have a clear minimum
in the rate constant as pressure is increased. Likewise, the minimum in adsorption

I.,'" who also used an LDF model, in an

kinetics has been documented by Qi et a
examination of the diffusion of water on BPL activated carbon.

In addition to studies on the adsorption of water on activated carbon, sev-
eral authors have detailed the adsorption of condensable organic vapors on activated

carbon.'®33 For example, Do and coworkers'®2° have published several studies con-

cerning the diffusion and permeability of vapors such as benzene, hexane, toluene,
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and ethanol in activated carbon, detailed the use of constant molar flow semi-batch
methods to determine adsorption kinetics, and performed extensive studies concern-
ing the permeability of vapors on carbons including an examination of the relationship
between the Darken equation and permeability.

Using a differential transient permeation method, Do et al.'® completed a
study of the diffusion of hydrocarbons in activated carbon in which they found that
hexane diffusion was described well by the Darken model. In particular, they state
that while activated carbon is a highly heterogeneous surface, large hexane molecules
experience a more uniform homogenous surface, whereas smaller molecules, such as
propane and butane, encounter a higher degree of heterogeneity for surface diffu-
sion. The authors attribute these effects to the interaction of large hexane molecules
with several surface sites of varying energy simultaneously, whereas smaller molecules
interact with high energy sites first and lower energy sites only as loading increases.

Prasetyo et al.,?® using a constant molar flow method, quantified the depen-
dence of surface diffusion on loading of strongly adsorbing vapors at different temper-
atures on activated carbon and found that for the vapors studied, surface diffusion
increases rapidly with loading. In other work, Do et al.?” found agreement between
the surface diffusivity of hexane on activated carbon as determined by a constant
molar flow and differential permeation methods and provide a range for the surface
diffusivity for a range of loadings of hexane in activated carbon.

Yang and Kapoor®® found the interesting result that when the surface diffu-
sivity at zero loading for hexane adsorption in activated carbon is extracted from
a model without considering the concentration dependence of the data, the result-
ing diffusivity is two to three times higher than as predicted by the concentration
dependent model.

The diffusion of water on silica gel has also received attention in the litera-

ture. For example, Suzuki and Chihara estimated the diffusion of water vapor on silica
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gel using a gravimetric method by assuming that surface diffusion is the controlling
diffusion mechanism.?* Other authors have examined this system using gravimetric
methods and found thermal effects to be significant under specific adsorption condi-
tions.?>30 Rajniak and Yang,®” who also used a gravimetric uptake method, predicted
the concentration dependence of the effective diffusivity of water vapor on silica gel in
the range where capillary condensation and adsorption hysteresis occur. Studies have
also examined other aspects of the diffusion of water in silica gel, such as examining
the significance of diffusion occurring on the surface of the silica gel versus in the
core of the particle, as well as the dependence of diffusion on the pore size of the
material.3%3

In addition to the methods discussed above, frequency response methods have
also been used to measure the diffusion of condensable vapors in adsorbent materi-
als.*04 Of the available types of frequency response methods, flow-through frequency
response systems are appealing as they minimize heat effects and thereby allowing
the system to often be treated isothermally. The development and application of fre-
quency response (FR) methods to determine adsorption kinetics is reviewed in papers
by LeVan et al.**5° Among these works is the development of a novel flow-through
concentration-swing FR apparatus that perturbs the concentration of the system si-
nusoidally while maintaining a constant flow rate.*> The model developed for the
concentration swing apparatus is similar to the model used to describe the dynamics
of their pressure swing frequency response apparatus.*6#® It should be noted that
most of the FR works discussed above assume that small perturbations to the system
allow for portions of the kinetic model to be linearized. However, several studies have
investigated nonlinear kinetic modeling of FR. data.?! 57

The purpose of this work is to utilize concentration-swing frequency response
to determine and quantify the appropriate mechanism that describes the mass trans-

port phenomena of condensable vapors in common adsorbent particles. This is the
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first application of concentration-swing frequency response to characterize the diffu-
sion of condensable vapors in adsorbent particles. We pay particular attention to
the kinetics associated with the adsorption of water in BPL activated carbon, the
dependence of the diffusivity on concentration, and the applicability of the Darken
equation. The results detailing the adsorption of water in BPL activated carbon will
be contrasted with a rate study of the adsorption of hexane on BPL activated carbon
and water on silica gel. In each case, the diffusion mechanism will be identified and
diffusivity data presented. This work is unique in that it is, to the best of our knowl-
edge, the first to focus on not only identifying the adsorption mechanism of water in
BPL activated carbon and silica gel, but also the first to explore the applicability of

the Darken relationship to a water-BPL activated carbon system.

4.2 CSFR System and Mathematical Model

The CSFR system of Wang and LeVan?® was modified to accept a saturated
vapor inlet stream. A schematic of the apparatus is shown in figure 4.1. Sparging
vessels were placed in series in a temperature controlled water bath operating at
subambient temperature to generate a saturated vapor. The pressure was controlled
by a pressure controller upstream of the spargers, and helium was used as an inert
carrier gas for the vapor.

One key modification that has been made to the system is a reduction in the
total bed volume. Specifically, this feature allows for the collection of kinetic data on
a single adsorbent particle. For the BPL activated carbon-water system the adsorbent
particle had a mass of 5.5 mg, the BPL activated carbon-hexane system adsorbent
particle mass was 4.7 mg, and the mass of the adsorbent particle used in the silica
gel experiments was 1.3 mg. The small sample holder makes this method ideal for
the characterization of materials that may exist in small quantities, such as novel

adsorbent materials. While it is also possible to place a small particle in a large bed
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volume, this leads to a large void space in the bed that may reduce the accuracy of
the measurements. Also, utilizing a small adsorbent bed has been shown to eliminate
axial dispersion effects which results in a simpler mathematical model of the system,®
and as will be discussed later, the single particle adsorbent bed, in combination with a
flow through design, reduces thermal effects present in the system. All measurements
were performed at 25 + 1 °C. We used BPL activated carbon Lot No. 4814-J from
the Calgon Carbon Corporation and Davison Grade 40 silica gel. This is important
to note as activated carbons and silica gels of different types may exhibit different
diffusion mechanisms and mass transport rates.

The mathematical model for this system has been described by Wang and
LeVan,* and the kinetic rate equations are given by Wang et al.*® For our experi-
ments, the kinetics will be modeled with either a nanopore diffusion (surface diffu-

sion) or LDF model. Briefly, for one adsorbable component and spherical geometry

the surface diffusion model can be expressed as

@_Dg(ﬂw

ot r2or \' or
n=n" atr=R (4.1)
g—n:() atr =0

-

where n is the adsorbate concentration in the micropore, n*(P) is the equilibrium
adsorbate concentration in the equilibrium state, R is the radial coordinate for the
microparticle, D is diffusivity, and ¢ is time. External mass transfer can also be

included in the model and is written as

dn

P = kgale — ;) (4.2)

where k¢ is the external mass transfer coefficient, ¢ and ¢} are the adsorbate concen-

trations in the bulk and at the fluid-pellet interface, and a is the specific surface area.
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The linear driving force model is written as

dn
— =k(n*—n 4.3
=k =) (13)
where k is the linear driving force mass transfer coefficient. Because the perturbation

in concentration is small, the isotherm is linearized and written
n* = Nyep + K(P — Pref) (44)

where K is the local slope of the isotherm. Therefore, care was taken to ensure
that only small perturbations were made to the vapor concentration, and in most
cases these perturbations were less than 10%. In some cases, the mass transport will
be modeled using a non-isothermal surface diffusion model and the thermal effects
investigated using an energy balance, as has been described in detail elsewhere.?%58

Following the method outlined previously, a total transfer function for the
system is written for each kinetic model. The total concentration of the adsorbate
component is perturbed using a sine wave and the resulting response of the system
is characterized using the amplitude of the output. A plot of amplitude ratio (outlet
over inlet) at specific frequencies is created, and the model is then used to determine
the controlling mechanism and the kinetic parameters. With detailed diffusivity data

at various loadings, it is possible to examine the relevance of the Darken equation for

the cases studied. The Darken relationship can be written as

dln P
dlnn

D = D, (4.5)

where Dy is the corrected diffusivity. Thus, with an isotherm for the system of interest
it is possible to calculate d1n P/dIn n, the thermodynamic correction factor, and use

an experimental value of the diffusivity at a particular pressure to determine Dj.
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4.3 Results and Discussion

Water Diffusion in BPL Activated Carbon

A distinct advantage of using FR methods is the capability to distinguish
between mechanisms of adsorption. The transfer functions used to describe the system
are derived based on a particular adsorption mechanism, and thus each mechanism
produces a different transfer function with which to model the response.

This approach is illustrated in figure 4.2, which shows the amplitude ratio
plotted versus frequency. The data shown are for the adsorption of water in BPL
activated carbon at partial pressures of 0.64 kPa and 1.72 kPa. Also plotted in this
figure is the control experiment, which is the response of the system without adsorbent
material. The figure shows both the nanopore diffusion model of equation 4.1 and
the Glueckauf linear driving force model of equation 4.3. The nanopore diffusion
(ND) model passes through nearly every data point, whereas the LDF model has a
shape that is inconsistent with the data. While the LDF model is unable to describe
the data at either pressure, the LDF model describes the data at 1.72 kPa better
than the data at 0.64 kPa. Continuing this idea, figure 4.3 shows that both the LDF
and the ND models are able to describe the data at 2.39 kPa. In these experiments
frequency response plots at each pressure were characterized using both models, and
it was found that the LDF model is only able to describe the data at pressures of
1.93 kPa and above. Therefore, the ND model is the appropriate model to describe
the diffusion of water in BPL activated carbon. The results are shown in figures 4.4
and 4.5 which show the frequency response plots and ND model passing through
nearly every data point at each of the pressures measured.

The data were also modeled using a combined external film mass transfer
resistance and ND model. The extracted external mass transfer coefficients were

large enough such that they essentially eliminated the impact of the film resistance
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from the model. Also, inclusion of the external film resistance did not alter the
quality of the fit, and the extracted diffusivities for this system were the same as
those extracted when only the ND model was used.

These results are in contrast to previous works; however, the applicability of
the ND model should not be extended to all activated carbons blindly as different
carbon sources and activation methods may yield different mass transfer mechanisms.
For example, carbon molecular sieves, which have a constrained pore opening, exhibit
behavior consistent with an LDF mechanism. Likewise, the carbons used by Foley and

coworkerg!416

may be more accurately described using an LDF mechanism depending
on the nature of the porosity in the carbon.

To investigate thermal effects present in the system, the data at 1.72 kPa
were modeled using both the ND model and the non-isothermal ND model and the
results are shown in figure 4.6. This particular pressure was selected because the
isotherm is steeper at this pressure than any of the other pressures examined and
therefore should produce the largest change in temperature for a change in loading.
The two models are nearly indistinguishable from one another and both provide nearly
identical diffusivities. Using the energy balance discussed previously, the remaining
pressures were investigated to determine the change in temperature as a result of
the perturbation in pressure. The maximum predicted change in temperature was
determined to be 0.03 K and occurred at 1.72 kPa, and nearly all other pressures
were predicted to have a temperature change near 0.005 K. With both the non-
isothermal and isothermal models yielding similar results, as well as the small changes
in temperature with loading, the system can be properly identified as isothermal.

Furthermore, the results shown in figure 4.4 show that as the water pressure is
increased the curves move to lower frequencies. This effect is the result of a decrease

in the mass transfer rates in the system with increasing pressure. The decrease

continues as pressure is increased until a minimum is reached at approximately 1.72
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kPa, at which point, the curves progress back toward faster frequencies as shown
in figure 4.5. The frequency response plots show a clear minimum in the kinetics
occurring at approximately 1.72 kPa.

When the diffusivities are extracted from the model and plotted versus loading,
as seen in figure 4.7, the unique diffusion characteristics of water on BPL activated
carbon become more apparent. This plot clearly shows a minimum in the diffusivity
occurring at approximately 5 mol/kg loading. This unique behavior is consistent

1417 even though the transport

with previous kinetic studies of water carbon systems
models used to describe the system are substantially different. Specifically, Foley et

al.* reported a minimum occurring in the range of 1.22 to 1.52 kPa which is consistent

with minimum occurring at 1.72 kPa as reported in this work. The diffusivities

corresponding to each pressure are listed in table 4.1.

These results are also consistent with the mechanism of water adsorption dis-
cussed in the introduction. The first region shown in figure 4.7, spanning loadings
from zero to approximately 5 mol/kg, corresponds to the adsorption of water at ac-
tive sites on the carbon surface. The minimum in adsorption diffusivity occurs as
water clusters form around the active sites. Beyond the minimum, the adsorption
rate increases as water clusters are formed that are large enough to begin to fill the
pores of the carbon.!6 The adsorption of water via a clustering phenomena at active
sites results in the adsorption isotherm having a very steep segment. For example, the
water adsorption isotherm for BPL as reported by Qi et al.!” shows a rapid increase
in loading for small changes in pressure near relative pressures of approximately 0.5
P/P,.

To evaluate the applicability of the Darken equation to this system, the isotherm
reported by Qi et al.'” was used to evaluate the thermodynamic correction factor, and

the data at 1.96 kPa were used to extract a constant corrected diffusivity. Therefore,

the measured diffusivity and the diffusivity predicted with the Darken relationship at

7



1.0

i*l.llllll| T T T TTTI1

T 1 i_
_K
0.8F \ ~
v
i) \
S i o
X 0.6 \‘
s \
g \
= \ \
2 04F o
<EE ¥ 0.64 kPa\ A
X 1.72 kPa ‘\
+  control > ‘
— - — control model \
0.2~ _ _ LDF model 1
—— ND model
0.0 | | IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 11 1111l
- -4 -3 2 1
10 10 10 10 10

Frequency (Hz)
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Figure 4.3: Frequency response plot of water adsorption in BPL activated carbon
at high water pressures and the linear driving force model and nanopore diffusion
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1.96 kPa are equal. As indicated in table 4.1, the Darken relationship fails to predict
the complex water adsorption kinetics. In particular, the Darken relation agrees with
the low pressure data qualitatively; however, as the pressure and the slope of the

isotherm begins to increase the relationship fails.

Hezane Diffusion in BPL Activated Carbon

Following the same procedure discussed above, the adsorption of hexane in
BPL activated carbon was also examined at several different concentrations. The
data used to identify the mechanism of this system are displayed in figures 4.8 and
4.9 and the diffusivities and LDF coefficients are tabulated in table 4.2. The figure
shows the data can be described by both the LDF and the ND models. Specifically,
the small differences in the shape of the curves for the models are not extensive
enough to invalidate the description of this system by either model. The data were
also modeled using a combine ND and external film resistance model to evaluate the
impact of the film resistance on the data set. It was found that the extracted external
film coefficients essentially eliminated this resistance from the model, and that the
diffusivity extracted from the combined resistance model and the ND model alone
were essentially the same.

To determine the thermal effects present in the system, the 13.3 kPa data were
fit to the non-isothermal ND model. As before, the isothermal and non-isothermal
models are indistinguishable from one another and the reported diffusivity values
were nearly identical; furthermore, the predicted change in temperature at each pres-
sure was found to be approximately 0.006 K, which justifies the application of the
isothermal model to the system.

Moreover, in contrast to the adsorption of water on BPL, the adsorption of
hexane on activated carbon is more accurately described by the Darken relationship

as shown by the data in table 4.2; while not exact, the data are in the range predicted
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by the Darken equation. According to Do et al.,'” this relationship applies because
hexane is much larger than water and is able to occupy several sites on the carbon
surface and thus experience a more homogenous surface relative to the surface expe-
rienced by water. However, over the entire range of pressure explored, the variance
in the diffusivity is small and therefore definitive conclusions about the applicability
of the Darken expression to a hexane BPL activated carbon system are limited. It
should also be mentioned that the diffusivity data reported here are consistent with

the expected range of diffusivities of hexane on activated carbon as reported by Do

and Do.%7

Water Diffusion in Silica Gel

The adsorption dynamics of water adsorbed in silica gel are distinctive when
compared to the examples discussed thus far. While the ND model provides a good
description of the diffusion of water and hexane in BPL activated carbon, it fails to
describe the adsorption of water by silica gel. Shown in figure 4.10 is the frequency
response plot and corresponding LDF and ND models for the diffusion of water in
silica gel at 0.13 kPa, and figure 4.11 shows the frequency response plot of the entire
data set with comparison to the LDF model. The response shown in these plots is
described well by the LDF model.

As in the BPL activated carbon-water system, the ND and LDF models were
applied at every pressure measured, and the ND model failed to describe any of the
data. Also, the impact of the external film resistance was evaluated via a combined
LDF-external film resistance model. It was determined that the external film mass
transfer resistance makes only a limited contribution to the model, and the extracted
LDF coefficient with and without the film resistance was nearly identical. All of the
plots of the ND model were similar to the results shown in figure 4.10, and the thermal

effects in the system were determined to be negligible by using an energy balance to
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estimate the change in temperature at each pressure, which did not exceed 0.0032 K.
To provide perspective on the error contained in the data, the experiment detailing
the adsorption of water in silica gel at 2.0 kPa was repeated. A standard deviation
of the amplitude data for the entire data set was determined to be 0.02 by averaging
the standard deviations at each frequency. The amplitude data are on a scale from 0
to 1. The standard deviation with vapor generation is apparently somewhat greater
than that for light gases.

As discussed for activated carbon, the LDF model provides a good description
of the mass transfer of water in Davision Grade 40 silica gel. However, this model
may not be appropriate for all silica gels given the wide variety in silica gel prepa-
ration methods, porosity, and chemical structure. One possible explanation for the
failure of the ND model could be that the surface chemistry and morphology of silica
gel are distinctly different when compared to activated carbon, and this gives two
distinct mass transport mechanisms for the adsorption of water. Studies*>*® have
also shown the applicability of the LDF model to describe the diffusion of nitrogen,
oxygen, and methane on carbon molecular sieves (CMS), which has a well defined
pore constriction; therefore, it is reasonable that silica gel may also contain some
nanopore constrictions.

The results discussed in these examples are distinctive as they provide docu-
mentation of the applicability of mass transport models to three systems. Further-
more, examining the diffusivities of water and hexane in BPL shows that hexane
diffuses in BPL activated carbon at approximately two orders of magnitude faster
than water. Likewise, by comparing the LDF coefficients of hexane and water it is
clear that hexane diffuses approximately one order of magnitude faster in BPL than

water does in silica gel.
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4.4 Conclusion

This work documents the use of a concentration-swing frequency response ap-
paratus to measure the diffusion of condensable vapors at room temperature. The
mechanism of each system has been identified as either nanopore diffusion (surface
diffusion) or a resistance characterized by a linear driving force. The adsorption ki-
netics of water and hexane in BPL activated carbon and water in silica gel were all
characterized and the dependence of the diffusivity on loading identified. For BPL
activated carbon, we found that water adsorption was well described by nanopore
diffusion rather than by the LDF model adopted in previous studies, and the system
shows unique behavior with the diffusivity reaching a minimum at approximately 0.5
P/P,. The complexities of the adsorption of water in BPL inhibit the ability of the
Darken relationship to adequately describe the change in diffusivity with concentra-
tion.

The diffusion of hexane in activated carbon is also well described by the
nanopore diffusion model, the concentration dependence of the diffusivity is reason-
ably well predicted by the Darken equation, and the LDF model provides an excellent
approximation of the Fickan diffusion mechanism. In contrast to the two previous
examples, the diffusion of water in our silica gel is not well described by the microp-
ore diffusion model, but rather, is best described using a linear driving force model.
The structure and the surface chemistry of the silica gel is different from that of ac-
tivated carbon, which may explain the need for two distinct rate mechanisms for the

adsorption of water in BPL and silica gel.
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Table 4.1: Diffusivities for adsorption of water in BPL activated carbon.

Measured Darken

Diffusivity — Diffusivity =~ Pressure P/P,
D/R* (1/s) D/R*(1/s) (kPa)
3.87x107* 9.65x107*  0.64  0.20
1.92x 107* 5.68 x 10~ 1.27 0.40
1.40 x 107* 3.29 x 10* 1.59 0.50
9.55 x 107° 1.38 x 1074 1.72 0.54
1.70 x 107*  1.70 x 10~* 1.90 0.60
1.05 x 1072 2.00 x 10~* 1.93 0.61
2.62 x 1073 2.79 x 1074 2.00 0.63
9.74 x 107*  5.30 x 1074 2.23 0.70
1.71 x 1072 6.45 x 1074 2.36 0.74
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Table 4.2: Diffusivities for the adsorption of hexane in BPL activated carbon.

Measured Darken LDF

Diffusivity = Diffusivity = Coefficient Pressure
D/R? (1/s) D/R?* (1/s)  (1/s) (kPa)
2.00 x 1072 2.27 x 1072 0.27 1.33
2.26 x 1072 2.78 x 1072 0.37 4.00
3.22x 1072 3.17x 1072 0.47 8.00
3.48 x 1072 3.48 x 1072 0.48 13.3
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Table 4.3: Linear driving force coefficients for adsorption of water in silica gel.

LDF Coefficient Pressure

(1/s) (kPa)
1.49 x 102 0.13
1.65 x 1072 0.44
3.57 x 102 2.0
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Nomenclature

D= main-term diffusivity, m?/s

K = local slope of isotherm dn/dp, mol/(g kPa)
n = adsorbate concentration, mol/kg

P = pressure, kPa

r= radial coordinate of microparticle, m

R = microparticle radius, m

T = temperature, K

t= time, s

Subscripts

0= saturation
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CHAPTER V

SENSITIVITY ANALYSIS OF ADSORPTION BED BEHAVIOR:
EXAMINATION OF PULSE INPUTS AND LAYERED-BED OPTIMIZATION

5.1 Introduction

Understanding how a process variable affects the output of a pulse is critical
for the design and optimization of efficient fixed-bed systems. Specific applications
of this type include building filters for large scale air purification, gas masks for
protection against toxic gases and vapors, fixed-bed adsorbers for solvent recovery,
and temperature and pressure swing adsorption systems.

Detailed quantitative sensitivity data allows for the dynamics of a variety of
adsorption processes to be better understood. For example, fixed-bed adsorption
systems are frequently used to remove pulse inputs of toxic gases or vapors. In this
case, sensitivity data can provide quantitative proof of what phenomena are governing
the system, which allows for the design of a system optimized for the factors that most
directly impact performance. Without sensitivity data, it is difficult to designate one
process parameter as more important than another. In particular, it is impossible to
know if the isotherm parameters, mass transport parameters, or energy parameters
are controlling the system.

The dynamics of pulses in fixed beds is one of many industrial situations
that can be characterized using sensitivity data. For example, it is common for an
industrial process to remove gases from humid process streams via adsorption. In this
case, sensitivity data can provide quantitative evidence for how much water can be
tolerated in the process stream without degradation of adsorber performance beyond
acceptable limits.

In addition to illustrating which process or transport parameters are control-
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ling an adsorption process, quantitative sensitivity data provide a means to optimize
the system with respect to a variety of process variables. The data that are returned
in a sensitivity analysis are more than a simple measure of which parameter is more
important than others. The sensitivity data are a quantitative representation of how
a particular parameter is impacting the output of the system at a particular time.
The application of such detailed data allows for the optimization of a process with
respect to any process variable.

Sensitivity of adsorption cycles to input parameters has been explored both

7,11,17,20,26-28,31,34,35 (Qpe approach to determine

experimentally and computationally.
the effect of a process variable is to hold all other process variables constant and
vary the parameter of interest. By performing several runs and varying several dif-
ferent process variables it is possible to determine the parameters that govern the
system.!"2%26 For example, Hartzog and Sircar!” performed a simulation of the sep-
aration of ethylene and methane via a Skarstrom pressure swing adsorption (PSA)
cycle and determined that small errors in the heats of adsorption of the components
can severely alter the overall performance of the process. They also found that the
mass transfer coefficients of the components must be accurate in order to obtain a
precise description of the separation. In another study, Kumar?® investigated the
sensitivity of a four-bed, nine-step, PSA process used to separate methane from hy-
drogen. The performance of the system was examined relative to the mass transport
resistances, purge gas quantity, and isotherm shape. The results showed that in-
creasing the mass transfer coefficient used in the linear driving force model increased
performance, but only up to a limit. By increasing the porosity of the adsorbent to
increase mass transfer, the overall bulk density of the adsorbent was reduced, which
decreased the total volumetric production of the unit. The work also revealed that it
is important to consider not only the maximum working capacity of the adsorbent,

but also its selectivity. In addition to these studies, Sircar®? studied the influence of
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the fluid-solid heat film resistance on the performance of a PSA system. In this study,
the author concluded that the fluid-solid heat film transfer coefficient may impact the
efficiency of the system in cases where the Nusselt number is less than six.

Other studies have also examined the sensitivity of PSA units to purify hy-
drogen. For example, Malek and Farooq?® studied the recovery of hydrogen from a
stream containing methane, ethane, propane, and butane. The process had six lay-
ered beds, and hydrogen comprised 60-70% of the feed. The authors demonstrated
the effect of high operating pressure on product recovery and purity and the effects
of treating the adsorption system isothermally. In addition to the studies mentioned,
several other authors have also examined the effects of other process variables such
as production pressure, purge gas flow rate, production duration, feed gas conditions,
purge gas pressure, and pressurization rates on both product purity and recovery of
adsorption systems.!1-27.28,34
Sensitivity analysis has not been limited to PSA systems. For example, Sircar

13! considered the effects of heat losses to the surroundings on the breakthrough

et a
curve of a single adsorbate from an inert carrier gas. They determined that heat losses
may distort the symmetry of the breakthrough curve and showed that the analysis
of a system by an isothermal or adiabatic model may yield incorrect mass transfer
coefficients.

In another study concerning fixed beds, Walton and LeVan® examined the sen-
sitivity of fixed-bed simulations to common energy balance approximations by using
local equilibrium theory. They examined the sensitivity of the system to adsorbed-
phase heat capacity and isosteric heat of adsorption. The results showed that the
impact of common energy balance approximations was small for plateau tempera-
ture, partial pressure, and loadings, but large for breakthrough behavior.

The effects of mass transfer kinetics on adsorption processes behavior have

also been examined. Chanbani-Tondeur” showed through modeling that neglecting
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intraparticle concentrations may lead to erroneous simulations. They present results
that show the classic linear driving force and solid diffusion models are inadequate
and recommend a pore diffusion model.

Quantifiable sensitivity information also allows for the direct optimization of
an adsorption system.”!%13 Tn direct optimization, the material and energy bal-
ances are solved while simultaneously determining the sensitivity of the solution to
initial conditions. The sensitivity information is then used to determine the periodic
steady state directly. Direct optimization is frequently used to determine the optimal
operating conditions of PSA systems, and a variety of process conditions have been
examined.! 1819

Performing multiple simulation runs or simultaneously calculating sensitivities
is not the only method of acquiring sensitivity data. Chlendi et al.,® for example,
developed a set of polynomials that describe the sensitivity of PSA cycle performance
in relation to design variables. The set of polynomials provides a quantitative means
to optimize the performance of the adsorption system.

This paper examines two adsorption applications for which sensitivities are
particularly important but have not been utilized in any detail, namely, a pulse input
to an adsorption bed and an optimally layered bed. The study of the sensitivity of
a pulse input to a fixed bed is absent in the research literature and is particularly
relevant to industrial situations. Fixed beds found in fume hoods or building filtra-
tion units frequently retain pulses of organic vapors. However, the pulse input, once
adsorbed, continues to propagate through the bed as air passes through the filter. If
the filters are not changed the pulse will break through the bed and begin to con-
taminate the efluent air. Examining the ability of fixed beds to retain a pulse input
relative to various process parameters is important for the proper design of filtration
systems receiving non-constant feed concentrations, such as building filters or gas

masks. Furthermore, sensitivity data can illustrate effects that are counterintuitive,

106



such as unique energy and mass transport effects and can quantitatively prove that
a particular process parameter may have little or no impact on the output. Also
missing from the current literature is the use of sensitivity data to optimize the ad-
sorbent layers in a fixed bed. While the optimization of PSA systems in relation to
a variety of process conditions has been documented, using sensitivity data to de-
termine directly the optimum bed layering has not been studied. The method used
to optimize a layered bed can also be applied to optimize a system with respect to
particle radius, end cap and wall effects, feed temperature, and bed layering. These
types of optimizations can be explored in process models for both fixed beds and PSA
systems.

Several different examples are considered. In the first example, a low-concentration
pulse of hexane is passed to a fixed bed of BPL activated carbon after which nitrogen,
assumed inert, passes continually through the bed. The hexane is readily adsorbed
by the fixed bed but will continue to slowly migrate through the bed until it eventu-
ally breaks through. The purpose of this case is to illustrate the use of modeling for
the estimation of the residual life of a fixed-bed filter and to determine what impact
transport resistances have on the retention time of a low-concentration organic vapor
in a fixed bed of BPL activated carbon.

The second example considered is the adsorption of nitrogen on a carbon
molecular sieve adsorbent. This example is different from the first in that the time
required for breakthrough is shorter, the adsorbate is a light gas, and the adsorbent
has a known mass transport limitation.

In the third example, the adsorption of a pulse of nitrogen on activated carbon
is studied. This example considers the sensitivity of a weakly adsorbed pulse to both
mass and energy transport coefficients. This example is important because it reveals
unique mass and energy transport effects that are counterintuitive.

The last example considers the sensitivity of the performance of a PSA system
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for the separation of methane from a feed stream containing carbon dioxide and
nitrogen. The adsorbent bed contains a layer of 13 X zeolite used to remove carbon
dioxide, followed by a layer of carbon molecular sieve used to separate the nitrogen
and methane. By calculating sensitivity data the product purity from the PSA system

can be optimized with respect to bed layering.

5.2 Mathematical Model

For the examples involving only a mass conservation equation the following
assumptions are made: (1) the ideal gas law applies, (2) only one adsorbable compo-
nent is present in the fluid-phase, (3) the system is isothermal, and (4) the velocity
and pressure are constant. The mass transport parameters considered in this model
include the external-film resistance, the Glueckauf linear driving force solid-phase re-
sistance, and axial dispersion. The material balance, rate equations, and boundary

conditions used in these examples are

kra(c — ) + e’% + g—g - %a% (g—z) (5.1)
pb% = kra(c — ) = k,(n* —n) (5.2)
- Pieg—g —Cjeq at (=0 (5.3)

g—gzo at (=1 (5.4)

where n is the adsorbed-phase concentration, ¢ is the fluid-phase concentration, 7 is

dimensionless time, and ( is dimensionless distance. Dimensionless groups are defined

as
_ €EVpeft
T=—7 (5.5)
z
== 5.6
(== (5.6)
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The model of Mahle et al.?® is used for examples that involve mass and energy
effects and PSA systems. The original model has been modified following the work of
Davis and LeVan'? to include a fluid-solid heat transfer coefficient. The conservations

equations and rate equations are

. ,0c  O(ve)
kna(n® —mn) +e g 5 = 0 (5.7)
on .
Prgr = kn(n* —n) (5.8)
,Ocuy ~ OQuchy
ha(Ty = 1) + ¢ L + =~ = —0,(1, - 1) (5.9)
pba;f = ha(Ty — T}) (5.10)
Ocu duvch
/ f f_ .
€=, 5 U(Ty —Ty) (5.11)
IT,
_Up(Tw - Tf) - UO(Tw - Tsurr) = mwcpww (512)
with
up =hy—P/p; (5.13)
hy = cpp(T' = Trey) (5.14)
Us = Cps(T' — Tyep) + nhy — / Adn (5.15)
0

where v is the velocity, uy is the internal energy of the fluid, hy is the enthalpy of
the fluid, u, is the internal energy of the solid, and other parameters are defined in
the original work. When this model is applied to the PSA example the temperature
of the fluid and solid are assumed to be equal. The equation used to represent the

isotherm data presented in the original work is
P =nexplk, + (k1/T) + (kon/T))] (5.16)

where P is in kPa, T is in Kelvin, and parameters are k, = 22.75, k; = —5101, and
ko = 922. In the energy balance presented in egs. 5.9-5.12, U, U, and U, are the
energy transport coefficients for the packed column, the empty column, and the exte-

rior of the column, respectively. Equation 5.11 describes the energy transport taking
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place in the end caps of the column, which do not contain adsorbent, while eq. 5.12
describes the transport of energy between the column wall and the surroundings. The
non-isothermal model makes the following assumptions: (1) the ideal gas law applies,
(2) there are negligible axial pressure gradients, (3) the temperature gradient in the
wall is negligibly small, and (4) the temperature dependence of the fluid-phase prop-
erties is neglected relative to the large dependence of the fluid-phase properties on
pressure.

The examples involving only a parabolic equation for mass conservation are
evaluated with central differences, while equations pertaining to the hyperbolic model
of Mahle et al. are evaluated using backward differences. The process model can be
integrated using an initial value problem integrator such as ODESSA?! or DASPK
3.0,2%2* which allow for the local sensitivities of the system to multiple process vari-
ables to be determined in one integration. In this work, the sensitivity data are
simultaneously calculated as the process model is integrated using ODESSA. The

sensitivities can be incorporated in a Taylor series as

Jc Jc oc
Al Al
0lnp, Pt 0ln py R dlnp,

Alnp, +--  (5.17)

Cnew = C+

where the parameters have been expressed using differences in Inp so that the data
can be plotted as the change in the breakthrough curve for a fractional change in a

parameter.

5.3 Examples

Hexane Adsorption on BPL Activated Carbon

In this first example, we are interested in determining the parameters that

govern low-concentration pulses adsorbed on activated-carbon beds over long periods
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of time. The bed is pulsed with hexane in nitrogen for approximately 1800 seconds,
after which nitrogen, which is assumed non-adsorbing, is passed through the bed.
Because hexane is strongly adsorbed on BPL activated carbon, the pulse remains in
the bed for a long period of time.

The system is based on the work of Davis and LeVan.'? Equations 5.1-5.3
include a term for axial dispersion but not an energy balance. The process parameters
examined via sensitivity analysis were the solid-phase linear driving force coefficient
k,, the external fluid-phase transport coefficient k¢, and the Peclet number Pe. The
transport coefficients were estimated using the methods presented in the original work.
The linear driving force coefficient was used as reported by Shin et al.,*® and Pe was
estimated via methods outlined in the work of LeVan.?? Adsorption equilibria were
used as given by Qi and LeVan.? System parameters for this example are presented
in Table 5.1.

Figure 5.1 shows the breakthrough of the fluid-phase for three pulses. Included
in this figure is the pulse as predicated by local equilibrium theory, which is a pure
shock at the toe of the breakthrough curve with a gradual tail as determined by the
slope of the isotherm. The calculation of the local equilibrium pulse was performed
originally by Glueckauf.'® Using the method outlined by LeVan,?? Glueckauf’s result
was recast into notation convenient for this example. For the gradual tail, because
the derivatives are constant with a uniformly saturated bed, the material balance

gives
-

T (5.18)

PG =
The material balance to determine the total amount adsorbed in the column with a

pulse input is

Cfront
/ o1 dC = CfeedTo (5.19)

Cback

where the integration is performed from the back of the wave to the front of the wave
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Table 5.1:

System Parameters for Examples 1 and 2

Hexane/ Nitrogen/

Activated Carbon CMS
T 298 K 298 K
kn, 0.002 st 5.4 x107% st
ky 0.064 m/s 0.216 m/s
Mo 2.13 mol/kg 0.372 mol/kg
Cfeed 7.50 mmol /m? 3.76 mmol /m?
t, 1890 s 10 s
L 0.1 m 0.29 m
R, 1.0 x 103 m 1.25 x1073 m
€ 0.4 0.2
€ 0.7 0.52
Db 480 kg/m? 550 kg/m?
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Figure 5.1: Breakthrough curves at three different Peclet numbers and as predicted
by local equilibrium theory.
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Figure 5.2: Wave front in the adsorbed-phase down the length of the column.
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Figure 5.3: Sensitivity of the breakthrough curve with respect to k,, ks, and Pe at
Pe = 10 where g represents any of the parameters of interest.
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as illustrated in Figure 5.2. Integrating eq. 5.19 by parts gives

N front
— Cfron = CfeedTo 5.20
(dn/ dlproms t) T e (5:20)

To determine the local equilibrium pulse, a fluid-phase concentration range
was first selected. Second, eq. 5.18 was used to determine the 7 that corresponds to
the concentration range. The curve generated by eq. 5.18 is a locus of pulse maxima
that can occur at the bed outlet and reflects the slope of the adsorption isotherm at a
particular fluid-phase concentration. Finally, eq. 5.18 was solved for 7 and substituted

into eq. 5.20 to give
CfeedTo

- pp(n — ¢ dn/dc)

Setting  to 1 in eq. 5.21 and solving for the outlet concentration provided the con-

(5.21)

centration that corresponds to the apex of the local equilibrium pulse.

The sensitivity of the breakthrough of the pulse to changes in k,, kf, and
Pe is presented in Figure 5.3, which shows the pulse as it passes through the bed.
The sensitivity data show that for a fractional change in the three parameters of
interest, Pe will have the largest effect on the breakthrough curve. By examining the
sensitivity of the breakthrough concentration with respect to Pe in Figure 5.3, it can
be seen that between approximately 0 and 5 months, an increase in Pe will decrease
the fluid-phase concentration at the outlet. The data presented in Figure 5.1 also
follows this trend. As Pe is increased, the pulse is sharpened and the base of the
pulse narrows, thus decreasing the fluid-phase concentration.

At approximately 5 months, the sensitivity data in Figure 5.3 pass through
zero showing that the pulse is insensitive to modest changes in Pe at this time. As
predicted by the sensitivity data, the breakthrough curves do indeed appear insen-
sitive to changes in Pe at approximately 5 months. In fact, increasing Pe from 10
to 100 had little effect on the shape of the breakthrough curve. With an increase
in Pe, the breakthrough curves show an increase in fluid-phase concentration at ap-

proximately 5 to 12 months and a decrease in fluid-phase concentration from 12 to 30
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months. The changes seen in the breakthrough curves are reflected in the sensitivity
data and are consistent with a pulse approaching local equilibrium.

Between 5 and 18 months the sensitivity curve shows an increase in fluid-
phase concentration with increasing Pe. The time indicated by the sensitivity data
for the transition of Pe from a positively correlated relationship with fluid-phase
concentration to a negatively correlated relationship is about 18 months; however, the
breakthrough curves show this transition at about 12 months. The sensitivity data are
local data based on the Taylor series expansion mentioned above. Therefore, dramatic
increases in sensitivity parameters may affect the breakthrough curves differently than
predicted by the sensitivity data plots. The increase in Pe from 100 to 1000 extends
beyond the scope of the local derivatives reflected in the sensitivity data plots.

To ensure that the transition time indicated in the sensitivity plots is cor-
rect, small changes in Pe near 10 were made and the breakthrough curves studied.
Figure 5.4 shows that for small changes in the Pe the transition occurs closer to 18
months and that increasing Pe moves the transition to shorter times. As changes
to Pe move beyond the scope of the sensitivity data, the sensitivity plots begin to
predict the effects on the breakthrough curves more qualitatively.

From the sensitivity data presented in Figure 5.3 it is clear that altering Pe
will have the most dramatic effect on the breakthrough curve, followed by changes
in ks, while changes in k, have no observed effect on output. Sensitivity data were
also calculated for Pe of 100 and 1000. For the case were Pe is 100, the data in
Figure 5.5 show that an increase in Pe will not impact the breakthrough curve as
strongly as an equivalent change in the external-film resistance k;. The narrowing of
the base of the peak is seen in the sensitivity data for times between 0 and 4.5 months
and again for times greater than 6.5 months. The increase in the apex of the peak
with an increase in ky is reflected in the sensitivity data between about 4.5 months

and 6.5 months. The sensitivity data again show that the solid-phase resistance has
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Figure 5.4: Tails of breakthrough curves for Pe values of 10, 20, and 100.
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Figure 5.5: Sensitivity of the breakthrough curve with respect to k,, ks, and Pe at
Pe = 100 where g represents any of the parameters of interest.
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Figure 5.6: Sensitivity of the breakthrough curve with respect to k,, ks, and Pe at
Pe = 1000 where g represents any of the parameters of interest.
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essentially no effect on the shape of the breakthrough curve.

Sensitivities for Pe of 1000 are presented in Figure 5.6. For this large Pe
value the external-film resistance acts as the controlling mass transfer mechanism.
As before, k, does not make any contribution to the model. In this example, the
sensitivity data at different values of Pe required only one run of the process model
at each value of Pe. Without using sensitivity variables, the simulation would have
to be performed more than once at each value of Pe in order to gather the sensitivity
data using finite differences.

The sensitivity data presented for this example illustrate quantitatively which
transport resistances govern a pulse of hexane passed through a fixed bed of carbon
at low concentrations. In cases where axial dispersion is important, Pe dominates.
However, as dispersion effects are decreased, the fluid-phase resistance contributes
more heavily to the breakthrough behavior. Furthermore, the sensitivity data illus-
trate that the inclusion of a linear driving force solid-phase resistance in the model is
not necessary. This information demonstrates that in the case of a low-concentration
pulse of a strongly adsorbed gas on BPL activated carbon, adsorption is controlled
by the ability of the adsorbable component to move to the adsorption particle and

not by its ability to diffuse through the pore structure of the material.

Nitrogen Adsorption on Carbon Molecular Sieve

In addition to a pulse of hexane on BPL activated carbon, a pulse of nitrogen
in helium fed to a bed of carbon molecular sieve was also considered in order to
determine the governing behavior of a pulse of a lightly adsorbed gas on a kinetically
selective adsorbent. The model for the adsorption of nitrogen on carbon molecular
sieve (CMS) was based on the same equation set, eqs. 5.1 through 5.6, used for the

previous model. The adsorption parameters are listed in Table 5.1. The solid-phase
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Figure 5.7: Breakthrough curve and corresponding sensitivities with respect to k,,
k¢, and Pe for nitrogen on CMS where g represents any of the parameters of interest.
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diffusion parameter k, is given by Wang et al.,3” and other parameters were estimated
with available correlations.

Figure 5.7 shows the breakthrough curve for this case along with the corre-
sponding sensitivity data. This figure shows that for CMS the controlling transport
parameter is the solid-phase linear driving force diffusion coefficient, which is expected
given the constricted pores of CMS. Unlike the previous example, the sensitivity data
show that none of the three transport parameters should be neglected, although the
pulse is somewhat insensitive to the external-film resistance and Pe. Therefore, using
only a solid-phase linear driving force transport model would be an accurate first ap-
proximation for this example. The previous example showed that low-concentration
pulses are governed by external transport and dispersion limitations. However, in
this example the adsorption of a low-concentration pulse of a light gas to a fixed bed
of a kinetically selective adsorbent is not controlled by the ability of the adsorbate to
diffuse to the adsorbent. The solid-phase diffusion resistance of this particular adsor-
bent is large enough to be dominant over all other transport mechanisms. Therefore,
the sensitivity analysis predicts that, while the linear driving force diffusion coefficient
was not important in the previous example for a low concentration pulse of strongly
adsorbed species passed to activated carbon, the coefficient is important when the
adsorbent material has a strong diffusion limitation such as the one found in carbon

molecular sieves.

Adsorption of Nitrogen on BPL Activated Carbon

The previous examples only consider the effects of mass transport parameters;
however, sensitivity plots can be obtained for any process variable. To explore the
effects of both mass and energy transport parameters on the breakthrough of a pulse,
the adsorption of nitrogen from helium on BPL activated carbon was examined. The

parameters in the model were used as presented in the original work or were estimated
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Table 5.2: System Parameters for Example 3

Nitrogen

Activated Carbon

Tfeed
kn
hq
Mbwc
Mfec
Mpec

298 K
0.76 st

0.525 kJ/(m2s K)

0.96 ke
0.48 kg
0.96 kg
0.0190 m
0.0215 m
0.24 m
5.0x10*
0.7
39.0 kJ/mol
460 kg/m?
98.0 SLPM
49.0 SLPM
405 kPa
101 kPa
0.46 kJ/ (kg K)
1.05 kJ/ (kg K)
57.0 cm?
109.0 cm?®
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and are listed in Table 5.2.

The sensitivity of the breakthrough curve with respect to the energy parame-
ters Uy, U,, and U, in egs. 5.9 through 5.12 and the breakthrough curve are shown in
Figure 5.8. The results show that the packed column heat transfer coefficient U, has
the greatest effect on the breakthrough curve. The sensitivity data show the energy
transport from the column wall to the surroundings has no discernible effect on the
pulse, and the energy transport in the end caps provides only a minor contribution.

Figure 5.9 shows that the effects seen in the sensitivity of the mole fraction to
energy transport parameters are also seen in the outlet temperature. The sensitivity
data of outlet temperature with respect to the energy parameters should mirror the
mole fraction sensitivity data because, as the fluid-phase is adsorbed, energy is liber-
ated and the temperature increases. Thus, the data show that increasing the packed
column coefficient increases the heat transfer from the fluid to the column wall. This
allows for more adsorption to take place, thereby decreasing the fluid-phase mole
fraction and increasing the fluid-phase temperature.

Shown in Figure 5.10 is the sensitivity of the outlet temperature and fluid-
phase mole fraction with respect to the fluid-solid heat transfer coefficient h,. The
results show that increasing h, will increase the fluid-phase mole fraction. This occurs
because increasing the coefficient allows more energy to be transferred to the solid-
phase which in turn decreases the adsorption on the solid and increases the fluid-phase
mole fraction.

The effect of k,, on the output mole fraction and the output temperature is seen
in Figure 5.11, which shows unique behavior at the toe of the breakthrough curve.
Without sensitivity analysis, the behavior is difficult to estimate because the mass and
energy balances are coupled. It is also difficult to estimate which transport parameter
is producing the unique breakthrough behavior without sensitivity analysis. However,

a detailed understanding of the behavior of the toe of the curve is important for many
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industrial filtration applications where breakthrough, even at low concentrations, is
unacceptable.

Figure 5.12 shows two regions in the toe of the breakthrough curve that have
a negatively correlated relationship with k, and two regions that show a positively
correlated relationship with k,,. For clarity, the peaks with an inverse relationship
to the breakthrough curve have been labeled 1 and 3, and the peaks that show a
proportional relationship to the breakthrough curve have been labeled 2 and 4. To
verify these results several breakthrough curves with varying k, were examined.

The sensitivity analysis in Figure 5.12 shows that an increase in k,, will initially
decrease the fluid-phase concentration at the leading edge of the breakthrough curve
as seen by peak 1. Figure 5.13 illustrates how the breakthrough curve behavior
changes when £k, is increased 25% at the very leading edge of the curve. As predicted
by the sensitivity analysis, the fluid-phase concentration decreases for an increase in
ky,.

Returning to the sensitivity analysis in Figure 5.12, an increase in k, will
slightly increase the fluid-phase concentration just after the leading edge of the break-
through curve as seen by peak 2. This increase in k,, provides a very slight increase in
the fluid-phase concentration at moderate times (e.g. 1.4 seconds), prior to the apex
of the breakthrough curve. The slight increase is consistent with the small magnitude
of peak 2. Examining peak 3 in Figure 5.12 shows that the apex of the breakthrough
curve should decrease with an increase in k,,. Figure 5.14 shows the apex of the break-
through curve for several different adjustments to k,. A 25% increase in k, reduces
the apex of the breakthrough curve as predicted. The diminishing of the apex of the
breakthrough curve is also seen for a two-fold increase in k,.

The complex sensitivity data at the toe of the curve in Figure 5.11 is also
seen in the sensitivity of the outlet mole fraction to the heat transfer coefficient h,

and packed column coefficient. Small fluctuations in the leading edge of these curves
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are the result of complex mass and energy balance effects. However, these complex
behaviors are not as significant as the ones seen in Figure 5.11.

The impact of one parameter versus another on the breakthrough curve can
easily be judged by examining the magnitudes of the sensitivity results for the pa-
rameters. Furthermore, the sensitivity data provide a quantitative criterion for de-
termining when any process parameter can be neglected. For example, the sensitivity
of the outlet temperature to the heat transfer coefficient h, is nearly four orders
of magnitude larger than the sensitivity of the fluid-phase mole fraction to this re-
sistance. Therefore, a change in h, will have a more profound effect on the outlet
temperature than on the fluid-phase mole fraction. However, the sensitivity data for
h is at least one order of magnitude lower than any of the other sensitivity data thus
illustrating its limited importance in the simulation. Likewise, the packed column
coefficient will have a stronger impact on the outlet mole fraction and temperature
than will the heat transfer coefficient. Therefore the packed column coefficient should
be estimated accurately as it more directly impacts system performance. However,
the data also illustrate that the solid-phase mass transfer coefficient k,, must also be
estimated accurately as it has the largest impact on the column output relative to all
other parameters.

As seen in the previous example, the resulting changes in the breakthrough be-
havior for modest changes in the transport parameters is difficult to estimate without
using sensitivity analysis. The character of most adsorption systems involves multiple
process variables that are mutually dependent, such as mass and energy effects. Un-
derstanding how all the process variables are impacting a particular system requires
detailed knowledge of each particular process. In this case, the simulation revealed
that the adsorption of a light gas by activated carbon is governed by solid-phase diffu-
sion and is significantly impacted by the energy balance. The breakthrough behavior

of a pulse of a light gas to a carbon bed may seem intuitive, but the data reveal
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Figure 5.8: Breakthrough curve and corresponding sensitivities with respect to energy
parameters where g represents any of the parameters of interest.
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Figure 5.10: Sensitivity of the outlet mole fraction and temperature with respect to
the fluid-solid heat transfer coefficient.
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Figure 5.11: Effects of changes in k,, with respect to temperature and mole fraction
where ¢ represents any of the parameters of interest.
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Figure 5.12: Detailed examination of changes k, on the leading edge of the break-
through curve. Peaks on the curve have been numbered for clarity.
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Figure 5.13: The effect of small changes in k,, on the leading edge of the breakthrough
curve.
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Figure 5.14: The effect of small changes in &, on the apex of the breakthrough curve.
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Figure 5.15: Optimum bed layering as predicted by the process model.

135



breakthrough behavior that is difficult to estimate.

Optimization of Layered Bed

With a detailed quantitative description of how key process parameters impact
system performance, system optimizations can easily be performed. Sensitivity cal-
culations determine derivatives of the variables defined by differential equations with
respect to a particular process variable of interest, i.e., 0x/Jg where x is any variable
defined by differential equations and g is a process variable. These sensitivities are
well suited for a maximum or minimum optimization routine. Defining an objective
function such as objective = f(z, g) allows for the optimization of an objective func-
tion of x with respect to any process variable g. Using a Newton or quasi-Newton
routine such as Hybrid1!® along with the sensitivity data from ODESSA allows for
the optimum of the system to be determined.

To optimize the layering of an adsorption bed, we have developed a PSA model
based on the work of Cavenati®® to upgrade the purity of methane contained in a
stream of carbon dioxide and nitrogen. They present a Skarstrom cycle that uses
a layered adsorption bed comprised of a CMS and 13X zeolite. The purpose of the
zeolite is to remove the carbon dioxide and allow the methane and nitrogen to pass
through to the CMS. The CMS then kinetically separates the nitrogen and methane.
They show that not only is it possible to upgrade the feed stream, but that it is also
possible to obtain an optimum purity by adjusting the ratio of the adsorbent layers.

The model of Mahle et al.?® was applied to a system similar to the one exam-
ined by Cavenati et al. The PSA model uses a Skarstrom cycle and two adsorption
beds. The system is non-isothermal and the mass transport resistances are modeled
using the solid-phase linear driving force. The diffusion parameters for the zeolite
were estimated using the correlation of Sladek et al.,*® while those for the CMS were

taken as presented in the work of Wang et al.3® The system parameters are outlined
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in Table 5.3 and 5.4. A purity was defined as

tfeed
Jo <t copyvdt

fotf“d com,vdt + fotf“d cco,vdt + f(ffeed e, vdt

and was calculated at the bed outlet. The objective of the program was to maximize

Purity = (5.22)

the purity with respect to the percent of zeolite contained in the column.

The program was run until a periodic state was virtually reached. Then, the
purity was evaluated at the bed outlet and the objective function was calculated.
Using the objective function, a new bed configuration was estimated and the process
repeated until the objective function was essentially zero.

A key benefit of calculating sensitivities simultaneously during the process run
is that the sensitivity calculations do not have to be performed prior to the cycle of
interest. The program can be run to a periodic state without spending time computing
sensitivities. In addition, by using the sensitivities to complete a direct optimization,
the time required to reach the periodic state for each new bed configuration could
be reduced. Thus, the application of sensitivities to optimize a system in relation to
process parameters is complementary to the direct optimization schemes.

The sensitivity data were gathered at a periodic state on the last process cycle.
The program calculated the sensitivities using output from the previous cycle as its
initial condition. Thus, the program used ODESSA to evaluate how the output of
the last cycle would change if the bed layering were adjusted prior to that cycle. For
computational efficiency, the sensitivity data were not calculated by selecting a bed
layering scenario, running to a periodic state, followed by selecting a new bed layering
scenario, running to a new periodic state, and calculating the derivative between the
two periodic states.

The results of optimizing the system with respect to the percentage of zeolite
contained in the bed are presented in Figure 5.15. The data show that the purity
of the product is a function of the bed layering. The maximum of the parabola is

predicted at 58.48% zeolite and a product purity of 55.70%. This particular bed
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configuration was selected by the program as the ideal layering by using a Newton
method to drive the objective for purity to a maximum. The small difference between
the predicted maximum and the actual maximum of the purity curve is within the
tolerances of the program. Specifically, the difference between the predicated and
actual maximum is 0.008% in purity.

The application of this type of optimization scheme is not limited to two bed
layers, but rather can be extended to optimize columns containing multiple layers.
Furthermore, bed layering is just one example among many that could have been se-
lected for optimization. Examples of interest could include optimization with respect
to regeneration temperature, purge pressure, column diameter, or particle radius.
The objective function could also be changed and optimization routines performed

on product recovery or other performance measures.

5.4 Conclusion

The application of sensitivity calculations with respect to process variables
allows for a quantitative determination of how process variables govern performance.
In the case of a low-concentration pulse of hexane to an activated carbon bed, the
sensitivity analysis predicts the importance of Pe and the external-film resistance
in the modeling of the mass transfer. The results provide a quantifiable reason to
neglect the solid-phase mass transfer coefficient. Furthermore, by gathering a range
of sensitivity data it is possible to quantitatively examine the changing importance
of the three transport parameters of interest.

In the second example detailing the adsorption of nitrogen on CMS, the sensi-
tivity data reflect the importance of a solid-phase linear driving force coefficient. This
case shows that both Pe and the external-film resistance also contribute to the model
but that as a first approximation modeling could be performed considering only the

solid-phase resistance.
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When the sensitivity calculations are performed on a system with both mass
and energy effects, as seen in the adsorption of nitrogen on BPL, it is possible to
demonstrate quantitatively that the mass transport effects have a greater impact on
the system than to the energy transport effects. More importantly, this example shows
how simultaneously calculated sensitivity data can accurately predict non-intuitive
behavior and eliminate the need of estimating how one particular variable impacts
the adsorption process. In this example, unique and unexpected breakthrough be-
havior occurs at the toe of the breakthrough curve as a result of coupled mass and
energy transfer. The impact of subtle changes in key parameters on this non-intuitive
behavior is accurately described by the sensitivity data.

The use of sensitivities can be readily applied to a variety of process variables
and objective functions and is complimentary to direct optimization schemes. Sen-
sitivity data were applied to determine the optimal layering of an adsorption bed,
which is an important industrial problem that has received limited attention in the
literature. In this case, the sensitivity calculations accurately predicted the optimum
layering of the adsorption bed for recovery of methane from a process stream. The
example presented illustrates one of many potential optimization schemes that could

be performed using this type of data.
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Table 5.3: System Input Parameters for PSA Cycle

Column Properties

Vi 57.0 cm?
Vot 109.0 cm?
Vied 160.8 c¢m?

Upackea  0.093 kJ/(m? s K)
Uempty 0.009 kJ/(m? s K)

Mo 0.96 kg
M e, 0.48 kg
Myee 0.96 kg
R 0.008 m
R 0.0107 m
L 0.80 m
Cou 0.460 kJ/ (kg K)
Tomb 323 K
Phigh 250 kPa
P 6 kPa
Ppurge 3 kPa
Feed 1.02 SLPM
Forod 0.25 SLPM
te 500 s
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Table 5.4: System Parameters for PSA Layers

Layer 1: 13X Zeolite Layer 2: CMS
R, 0.80x10% m 0.90x103 m
Pb 1130 kg/m3 880.0 kg/m3
¢ 0.54 0.46
Cps 0.920 kJ/kg K 0.880 kJ /kg K
komra 4.25 s 2.7x107° st
ko 4.22 gt 5.4x10% gt
kcoa 6.12x103 st 8.7x103 s
ACHA4 15.675 kJ/mol 38.947 kJ /mol
AN9 15.716 kJ/mol 15.930 kJ/mol
Aco2 54.729 kJ /mol 33.674 kJ/mol
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Notation

¢ = fluid-phase concentration, mol/m?3

¢* = fluid-phase concentration at particle surface, mol/m?
¢pw = heat capacity of column wall, kJ/(kg K)
¢ps = heat capacity of adsorbent, kJ/(kg K)

¢,s = heat capacity of fluid phase, kJ/(kg K)
Ffeeq = feed flow rate, SLPM

F, 04 = product flow rate, SLPM

g = parameter of interest

h, = fluid-solid film heat transfer coefficient

h; = fluid-phase enthalpy, kJ/mol

k; = external film mass transfer coefficient, m/s
k, = Glueckauf linear driving force coefficient, s*
L = bed length, m

My, = mass bed wall center, kg

My, = mass feed end cap, kg

M. = mass product end cap, kg

m,, = mass of column wall, kg

n = adsorbed-phase concentration, mol/kg

n* = solid-phase concentration at particle surface, mol/kg
Pe = Peclet number, Pe = v"/L/D

Phign = adsorption pressure, kPa

P, = desorption pressure, kPa

Pyrge = blow down pressure, kPa

P, 0q = product pressure, kPa

Pfeeq = feed pressure, kPa

R, = particle radius, m
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R.; = inner column radius, m

R., = outer column radius, m

T = temperature, K

T,es = reference temperature, K

Tompy = ambient temperature, K

T,, = temperature of column wall, K

t = time, s

t. = cycle time, s

t, = duration of pulse, s

U, = heat transfer coefficient empty parts of column, kJ/(m s K)
U, = heat transfer coefficient to surroundings, kJ/(m s K)
U, = heat transfer coefficient packed column, kJ/(m s K)
uy = internal energy fluid-phase, J/mol

us = internal energy solid-phase, J/kg

v = interstitial velocity, m/s

Vin = inlet endcap volume, m?

V,u = outlet endcap volume, m3

Viea = packed column volume, m?

z = axial column length variable, m

Greek Letters

e = void fraction of packing

¢’ = total bed voidage (inside and outside particles)
A = heat of adsorption, J/mol

oy = bulk density kg/m?

7 = dimensionless bed volumes

7, = dimensionless bed volumes of feed

¢ = dimensionless axial bed length variable

147



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The first segment of the research found in chapters II and III details the devel-
opment of a novel carbonaceous adsorbent material. The key results from chapter 11

are:

e A novel nanoporous carbon-silica composite material has been synthesized. The
material has a high surface area (850 m?/g), long range order, and a 5 A pore

size when measured via the Horvath-Kawazoe method.

e The material is unique when compared to traditional activated carbons because
the material is derived via a templating technique and is not physically or

chemically activated.

e CSC utilizes MCM-41 as a template to adsorb furfuryl alcohol that is then

carbonized at high temperature.
e Carbon comprises approximately 40 wt% of CSC.

e (CSC has a higher adsorption capacity for light hydrocarbons than nitrogen and
carbon dioxide, which illustrates that the surface of the composite is carbona-

ceous.

e The adsorption properties of the novel material are consistent with the ad-
sorption properties of carbogenic molecular sieves, which are also derived from

furfuryl alcohol.

e The mesoporous channels of MCM-41 act in a similar fashion to mesopores

formed in PEG modified PFA carbons.

148



e When the surface area of the material is examined on a per carbon basis the

area of the material is approximately 2300 m?/g.

The second portion of this work detailed the sensitivity of our novel CSC
material to synthesis conditions. Several materials were produced under a variety of

conditions and were extensively characterized. Key results from this chapter III are:

e (CSC materials were synthesized using benzene, toluene, or methanol as the fur-
furyl alcohol solvent. Materials were also produced in which the carbonization

sequence was performed at 5 atm, 1 atm, or under a vacuum.

e All of the materials are completely nanoporous, have high surface areas (650
m?/g), long range order, and narrow pore size distributions centered near 12

A when modeled using DFT.
e The HK model shows these materials all contain exclusively a 5 A pore.

e Preparing the material under 5 atm of pressure significantly inhibited the de-

velopment of both the surface area and porosity of the material.

e The material prepared under vacuum showed an increase in surface area relative

to the materials prepared under pressure.

e A CSC material that utilized silica gel instead of MCM-41 was also synthesized

and showed an increase in surface area relative to the parent silica gel.

e The pore size of the silica gel based CSC material as determined by DFT was
centered near 12 A but also contained some mesoporosity spanning from 30 to
130 A. The mesoporosity in the sample was centered near 67 A and is the result

of partially filling of the large (>100 A) silica gel mesopores.

e All of the materials contained approximately 35 wt% carbon. The material

prepared under vacuum showed the least amount of carbon loading (33 wt%),
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and the material carbonized at 5 atm and the CSC-Si control material showed

the greatest carbon loading (42 wt%).
e The alpha plots for these materials all show nanoporous filling.

e All the materials readily adsorb ethane, but the material prepared under pres-

sure showed the least amount of ethane adsorption.

e The results illustrate that it is possible to utilize synthesis conditions to control

the physical characteristics of this material.

This work also detailed the application of concentration-swing frequency re-
sponse to characterize mass transport phenomena in single adsorbent particles as

discussed in chapter IV The key results from this work are:

e The adsorption kinetics of water adsorption in BPL activated carbon are best
described by a surface diffusion model. The results show a clear minimum in
the diffusivity accruing at approximately 0.5 P/P,. The Darken relationship

predicts the variation of diffusivity with loading only qualitatively.

e Previous studies assumed the LDF model adequately described the diffusion
behavior of water in BPL activated carbon; however, these results show that

nanopore diffusion is the appropriate model to describe the transport behavior.

e Both the nanopore diffusion and LDF models can be used to describe the dif-

fusion of hexane in BPL activated carbon.

e The diffusion of water in Davison Grade 40 silica gel is best characterized by

the LDF model.

The last segment of the work discussed the sensitivity of pulse inputs to fixed

bed filters. The key results in this section include:
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e The transport behavior for the adsorption of a low concentration pulse of hexane
in BPL activated carbon the transport behavior is governed by the external
film mass transfer resistance. Axial dispersion plays a more limited role in
the adsorption of a pulse input, and the solid-phase linear driving force does
not have an appreciable effect on the pulse output. It should be noted that this
conclusion holds for the concentration range studied. It is reasonable that as the
concentration in the fluid-phase is increased the surface of the adsorbent particle

becomes saturated and the solid-phase driving force plays a more important role.

e The adsorption of nitrogen in CMS is impacted by the external film mass trans-
fer resistance, the solid-phase mass transfer resistance, as well as axial disper-
sion. However, the effects of the solid-phase mass transfer resistance and axial

dispersion are more limited relative to the external film resistance.

e Mass and energy effects are considered for the adsorption of nitrogen in BPL
activated carbon. The results show that mass transfer resistances control the
breakthrough of the pulse. Of the energy parameters considered, the packed
column heat transfer coefficient has the greatest effect on both the outlet mole

fraction and temperature.

e The sensitivity information is directly applied to optimize a layered bed with

respect to product purity.

6.2 Recommendations

Nearly all aspects of this work have the potential to be extended. This material
could easily be adapted to perform chemisorption by incorporating metals into the
structure at particular locations. The metals that are commonly used in catalytically
activate carbons, such as ASZM-TEDA, include copper, molybdenium, silver, and

zinc, all of which can be controllably placed at specific location in CSC materials.

151



For example, metals can be placed inside the walls of the MCM-41 framework by
including metals during the hydrothermal synthesis of the framework and can also
be washed onto the surface of the MCM-41 framework prior to impregnation. These
methods allow for the placement of metals in the walls as well as on the surface of
MCM-41. Metals salts can also be placed in furfuryl alcohol to allow the metals to
be evenly distributed in the carbon lining of CSC materials. Once carbonized, metals
can also be washed onto the surface of the carbon-silica composite structure. The
controlled placement of active metal sites in an adsorbent carbon would provide a
significant advance in adsorption technology over current activated carbons, which
incorporate metals into the carbon surface randomly.

The CSC material could be further modified by adding thermally degrading
polymers into the PFA solution during impregnation. Polymers of varying molecular
weights that degrade without leaving a residue could be used to increase the surface
area of these materials. Because the materials are not activated via carbonization
under pressure or vacuum, adding a thermally degrading polymer to the synthesis
may activate the material.

Also, the sensitivity of these materials to the amount of alumina used to
activate the adsorption of furfuryl alcohol in the pores of the material should be
investigated. It may be possible to vary the carbon loading and adsorption properties
of these materials by altering the ratio of alumina to silica. Using less alumina should
decrease the carbon loading of the material and prevent complete pore filling, which
may increase the surface area of the material by increasing the liberation of gaseous
by-products generated during carbonization.

In regards to the CSFR studies, a wide variety of materials could be char-
acterized to better understand their mass transport properties. The kinetics of the
co-adsorption of multiple adsorbates, such as water and organics on activated car-

bon, has received only limited attention in the research literature. Furthermore, this
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system is well suited to examine the kinetics of novel materials.

Finally, the mathematical model presented can be readily adapted to model
and optimize a wide variety of process situations. Optimization could be readily
performed on multilayered beds, regeneration temperature, purge pressure, column
diameter, or particle radius. Also, sensitivity analysis could be used to explore com-

plex multi-component adsorption systems.
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