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PREFACE

Currently, olefin/paraffin separation and recovery rely on traditional distillation
techniques. These techniques are energy and capital intensive and limited to high capacity
refinery crackers. Alternative techniques, based on physical and chemical adsorption, offer
the potential to more efficiently and econdnﬁcally separate olefins from paraffin in off-gas
purge streams.

Researchers have found that solid adsorbents have the greatest potential for
application in industrial olefin separations. Adsorptioh studies and further research are
requiréd to improve adsorption capacities, stabilities, and selectivities of solid chemical
adsorbents, design cost effective adsorption processes, and match adsorbents to process
streams. The development of an experimental method for thc'dircqt measurement of the
adsorption of gases from multicomponent streams, under conditions representative of
industriél processes, is critical to the success of these efforts.

In this study, an improved laboratory scale technique, herein referred to as
Multicomponent Desorption Analysis or MDA, has bcén developed to measure the
adsorption of gases from multicomponent streams under conditions representative of
indﬁstrial processes. Olefin adsorption capacitiés and ‘oleﬁn/parafﬁn selectivities of a
family of solid chemical adsorbents, specifically Ag(I) exchanged Amberlyst 15 resins,
have been determined aé a function of multicomponent stream composition and Ag(I)
loading. Adsorptioln studies indica;é that reasonable olefin adsorption capacities.are
attained on extremely low Ag(I) loaded Amberlyst 15 resins, and that olefin/paraffin
selectivities of the Ag(I) exchanged Amberlyst 15 resins increase as the concentration of
olefin in the multicomponent decreases. Olefin adsorption capacities of Ca(II), Na(I), and

Ni(II) exchanged Amberlyst 15 resins have been measured and show the unique role of



silver in olefin adsorption. The active site(s) for cation exchange on the Amberlyst 15 resin
and the active site(s) for ethylene adsorption on catiQn exchanged Amberlyst 15 resins have
been spectroscopically identified. Finally, an active site model for olefin adsorption on the

Ag(I) exchanged Amberlyst 15 resin has been proposed.

In summary, a multicomponent desOrptiOn analyzer (MDA) for evaluaﬁng olefin
and paraffin adsorption and olefin/paraffin selectivity under conditions representative of |
industrial process streams has beén desighed and constructed. The MDA offers chemists
and engineers an improved technique for collectihg adsorption data which can be used to
better match adsorbents to procéss streams and design more applicable adsorber units. In
addition, researchers have geherally assumed that higher adsorption’capacities and
improved selectivities are achieved on adsorbents having incfeased and optimized metal
loadings. In contrast, unexpectedly hi‘gh olefin adsorption capacit_iés and olefin/paraffin
selectivities were aachjeved on Ag(l) exchanged Arhberlyst 15 resins having extr_emely low
Ag(I) loadings, and datia conclusively support that Ag(I) exchan'ged Amberlyst 15 resins |
have chemically different Ag(I) exchanged active sites which adsorb olefin. These results
should provide new routes for the: design, dév‘elopment, and characterization of improved
and more cost efficient adsorption technologies which may find commercial application in

industrial olefin/paraffin separations.
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NOMENCLATURE

a adsorbent

CP commercial purity

d desorbed

EA ethane

EE ethylene

g grams

K Langmuir constant

m moles
‘M “molarity

pa GC peak area

P pressure

P, atmospheric pressure

P, trap pressure

o monolayer or saturated amount adsorbed
q. total equilibrium amount adsorbed

R .. gas constant

STP standard atmospheric temperature and pressure
T temperature. |

UHP ultra high purity

v, void space volume
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syringe volume

trap volume

mole fraction in vapor phase

heat of adsorption

maximum error
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CHAPTERI
INTRODUCTION
Background

Adsorption

History of Adsorption. Even though the term adsorption was not introduced until

1881 by Kayser (1881), the process of adsorption was first recognized by Fontana (1771)
and Scheele ( 1__780) while studying the interactibn of gases with charcoal (Gregg and Sing,
1982). Fontana (1777) discovered that freshly calcined charcoal waé able to adéorb several
times its own volume in Varibus gases, and Scheele (1780) discovered that air expelledv
from charcoal on heating was re-adsorbed on cooling. Today, adsorption is defined as the
tendency for molecules from an ambient fluid phase to adhere to the surface of a solid
(Ruthven, 1991). 'Inv contrast, absorption is defined as the tendeﬁcy for molecules to only |

penetrate into the mass of a solid (Gregg and Sing, 1982)

Heat of Adsorption. Satterfield (1991) explained the equilibrium distribution of
molecules between the fluid/vapor phase and adsorbed phase using equation 1 and

thermodynamic arguments.
(1) AG = AH - TAS
Since adsorption is a spontaneous process and combines two components, free energy

(AG) is negative and entropy (AS) is reduced. Therefore, adsorption must be an

exothermic process with enthalpy (AH) larger than TAS. The heat released upon

adsorption has rdutinely been calculated using thevCIausius'-Clapeyron equation 2 where P

is pressure, T is temperature, AH is heat of adsorption, and R is the gas constant (Gregg

and Sing, 1982; Joyner and Emmett, 1948).



o (8lnp) _—-AH
Jofr ), RT?

Adsorption Forces. Adsorption is typically characterized as either physisorption or

chemisorption (Ruthven, 1991, 1984; Gates, 1992; Satterfield, 1991). Physisorption is a
weak interaction characterized by heats of adsorption less than 15 kcal/mol (Yang, 1987).
It results from dispersion (London) forces which arise through the changing electron
density within an adsorbate. The changing electron dénsity creates a dipole moment within
the adsorbate that leads to non-bonding interactions with the adsorbent. PhySical
adsorption is réyérsible and non site-specific (Satterfield, 1991). Furthermore,
physisorption is of particular interest because it is routinely used in techniques which
measure surface area and pore size distribution of materials (Gregg and Sing, 1982).
Chemisorption, on the "other hand, is a much stronger interact_io_r; having heats of
adsorption greater than 20 kcal/mol (Yang, 1987). Chérnisorptlio‘n'involves the sharing of
electrons between adsorbent and adsorbate, resulting in the fonnatidn of a chemical bond.

Chemisorption may or may not be reversible and is usually site specific (Satterfield, .1991).

Selecting Adsorbents for Application. According to Yang (1987) and Ruthven

(1991), the most irnportant adsorbent applications in§olve separating valuable components
from multicomponent streams. Both authors stress that selecting the appropriate adsorbent
for a given process stream is not a trivial task. The qhosen adsorbent must selectively bind
and/or retain the desired cornpdnent without chemical modification. The adsorbent must
also have a high ads}orptioln capacity for the desired cqmponénf, resist poisoning (i.e.
adsorbing undesired components), remain s_table‘under opefating conditions, be
environmentally: friendly, and be easily regenerated (i.e. removal Qf desired components
ahd/or poisons). As a result, the structure of the adsorbent, as well as the configuration of

the adsorber unit, are critical to achieve efficient separations.



The structure of the adsorbent must have active sites (i.e. polar, non-polar,
transition metal) for adsorption, high surface areas, and pore sizes greater than the size of
the adsorbaté (Ruthven, 1991; Yang, 1987). Molecules or atoms at active sites selectively
trap and/or bond (physisorb or chemisorb) desired components. High surface areas -
maximize the number of available active sites. Pofes regulate diffusion of the stream
components into and out of the adsorbent.

Adsorbents must also have a high selectivity for the component to be separated.
Defined by Yang (1987), selectivity is the ability of the adsorbent to selectively remove
component i from a mul‘tiC(’)mponen't' stfeam. Taking into account the vapor phasé and
adsofbed phase, selectivity is calculated ﬁsing ‘equation 3, where X;; and Y are the
equilibrium mole fraqtions of components i and _], reépectfully, in the adsorbed and gas

phase.

(3) selectivity = X |
Since X;; and Y, are not typically measured, selecﬁvity has been most commonly
expressed as an adsorption ratio (Yang and Kikkinides, 1995; Yang et al., 1997; Hirai et
al., 1985). The adsorption ratio is based on total uptake of componénts i and j in a single
component stream and is calculated using equation 4, where q; and q; are the total adsorbed

quantities of components i and j, respectively.

C)) v | adsorptionratio = 1;_ :
After adsorbent selection, the adsorber unit is designed. The unit design depends
on the regeneration method (i.e. how the sorbate and/or poisbn are removed from the

adsorbent), vthermodynamics, and diffusion (Lukchis, 1973; Yang, 1987). Possible

regeneration methods include temperature swings, pressure swings, and/or inert gas purges



(Ruthven, 1991; Yang, 1987). Selection df the most appropriate regeneration method rests
on the strength of the adsorbent-adsorbate interaction, which is directly related to the

| thermodynamics of adsorpt_ion‘, as previously explained. Diffusion in and out of the pores
(i.e. mass transfer) dictates the time needed to achieve maximum uptake and the time :

required for complete regeneration (Lukchis, 1973; Yang, 1987).

Adsorption Isotherms. Physical and chemical adsorption data are commonly

reported in the form of isotheﬁns (Ruthven, 1984, 1991; Knaebel, 1995; Yang, 1987,
Satterfield 1991; Gregg and Sing, 1982). - Adsorption isotherms express adsorption
capacity of the adsorbent as a function of feed composition at constant temperaturé. The
primary utilityv.of the isotherrﬁ hés béén to evaluate the criteria neéded for adsorbent
selection and “adsorber urﬁ”t ,deéign. |
Five types of adsorption isotherms have been classified by Brunauer, Emmett,
Deming, and Teller (1940) and ’e‘xplained by Greg and Sing (1982). Of the five, type I
isotherms are favorable for adsorption and are commonly curve‘ fit using the Langmuir
model (Langmuir, 1918).
The basic Langmuir model mékes thé following assumptions:
1. The adsprption system is in dynamic equilibrium,
2. AdSorbed molecules are held at a fixed number of well defined sites,
3. Each adsorption site can hold only one molecule,
4. The gnergy of adsorption is a constant over all sites, and |
5. There are no intéractions betweén mblecules vadsorbed on néighboring
sites. N
Using these assumption, it can be shown that

KP
1+KP

q4=4qn

where q is the adsorption capacity, q_, is the monolayer adsorption capacity, K is the

Langmuir constant (which is directly related to the Henry constant), and P is the parti‘al
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pressure of ‘adsorbate. The Toth isotherm (Toth, 1971) and Unilan isotherm (Honig and
Reverson, 1952) are also routinely used to fit adsorption data (Myers and Valenzuella,
1989). The BET isotherm (Brunauer et al., 1938, 1940) is frequently used to evaluate
surface area and pore size distribution of adsorbents. A more detailed discussion of

isotherms is presentéd in Chaptef V.

Experimental Techniques for Collecting Adsorption Data. Thermal gravimetric
analysis (TGA) has been used to study the adsorption of gases on solids (Ackley, 1991;

Ackley and Yang, 1991; Yang and Kikki_nides, -1995; Yang et al., 1997; Buss, 1995;
Vansanf, 1994), desorption of gases from solids (Yang and Kikkinides, 1995), and the
diffusion of gases through solids (A¢kley, 1991; Ackley and Yang, 1991; Yang and
Kikkinides, 1995). Evén‘ though TGA has been‘ useful for studying single component
adsorption, it does have linﬁiations. First, sinc‘e\i the masses of the adsorbed components
cannot be differentiated, adsorption and desorption analyses ére limited to single
component streams which have been diluted with a second ﬁon-adsorbing gas. Second,
since the interaction between the adsorbent and _adsborba,teb cannot be directly characterized,
distinguishing the type of adsorption (i.e. physisorption or chemisorption) is based solely
on indirect observations. Finally, due to buoyancy, drag, flow, and thermal effects,
investigation of adsorption and desorption under temperature and pressure swings
representative of industrial processes is not routinely practiced.

_ .Te.chniques:-for measuring adsorption in multicomponent streams have been
developed. Yang ( 1987) has classified the techniques fof measuring multicomponent gas
adsorption into four categories: gravimetric methbds, chromatographic methods, constant-
volume methods, and dynamic methods. In gravimetric rn’éthocis, adsorption capacities in
multicomponent _stfeams éire meaéured by recording the mass increase of thé adsorbent.
The composition of the adsorbed phase is calculated using a rigorous thermodynamic
technique, which requires measurements of the total mass-adsorbed as a function of

pressure at constant gas composition and temperature for both the pure gases and gas



mixtures (Van Ness; 1969). Unfortunately, collecting this adsorption data is very time
consuming, and the gravimetric techniques, still plagued by the buoyancy, drag, and flow
effects previously mentioned, cannot be adequately used to collect adsorption under
conditions representative of industrial process streams .

Chromatographic methods involve analysis of breakthrough curves. Breakthroﬁgh
curves are a time dependent measure of the compdsition_ of the gas mixture as it travels
through and exits a clean adsorbent bed. In the technique, adsorption capaéities are
calculated by obserVing responses 1n the concentration of the effluent stream after a series
of stepped changes in the feed. Unfortunately, these calculations, as noted by Yang (1987),
are highly complicated, and the chromatographic methods, which are only accurate under
idealized conditions (i.e. dilute mixtures, isothermal operation, and constant pressure),
cannot be used to accurately collect adsorption data under conditions representative of
industrial process streams. |

In constant volume (static) methods, the amount and composition of the absorbed
phase are approximated by the difference in the amount and composition of the gas phase
mixture, before and after adsorption. The concehtraﬁon of the gas phase mixture is
calculated using pressure, volume, and temperature (PVT) relationships, while gas phase
compositions are usually}determined using gas chromatography. For example, Mathias
and co-workers (1996) described a system for the measurement of oxygen/nitrogen
adsorption equilibria on 5A-zeolite. The systerﬁconsists of a closed loop, which is packed
with édsofbenf. A gas mixture of known quantity and composition is then introduced into
the sysfem and circulated over the adsorbent. After circulation, the quantity and
composition of the gas mixture are re-evaluated. Adsorptiori capacities are calculated using
mass balance (i.e. differenmcve in quantity arid_vcom‘position oflgas'rfljxture before and after .
adsorption). Even though the constant volume method allows adsorption to be measured

under conditions similar to industrial processes, the technique does not provide information



necessary for selecting regeneration methods such as heating, evacuation, and/of inert
purge stream.

In dynamic (flow) methods, equilibrium is assumed to be attained after
breakthrough, as indicated by.the lack of change in the effluent gas composition. After
breakthrough, the adsorbate mixture is quantitatively desorbed by evacuation and/or heating
and trapped in nitrogen cooled and/or evacilated vessels. The total amount and composition
of the desorbed mixture is measured directly using PVT relationships and gas
chromatography, respectively. For eXémpl_e,:Shu and co-workers (1990) have described a
system for the measurement of propylerie/propane ad_sorption.on 13X zeolite. After

loading the adsorbent with a compositional feed, the propylene and propane were desorbed

at 160 °C, collected, and analyzed by gas éhromatogréphy. Even though dynamic flow

~ methods providé data for selecting a rcgenératioii meth’ods, a dynamic flow method, which
utilizes an inert purge _streani for desorption, hasx. not beéh recognized.

Thorough review of the methods (i.e. graVimetIic, chromatographic, dynamic, and
static) for measuring adsofptioh in multicomponent: streams has indicated that an alternative
experimental technique is n‘eede& which combines time efficiency, the ability to desorb
gases under static vacuum, dynamic vacuum, and/or inert gas purge, and the opportunity to
directly measure adsorption in multicomponent Streams under conditioris representative of

industrial processes.

Classical Types of Adsorbents. According to Ruthve'n (1984, 1991) and Yang
(1987), ihe classical types of industrial adsorbents are microporous materials with pore
diameters ranging from a féw Angstroms to tens of Angstroms. Silica gels, activated
aluminas, activated carbons, and zeolites with high surface areas and controlled pore sizes
‘are the most common adsorbents. Sincé these types of classical adsorbents have been

modified for selective adsorption of olefin, a short description of each is presented below.



Silica gel is a polar, microporous adsorbent with a chemical composition expréssed
as Si0, x H,O (Ruthven, 1984). Itis comrﬁonly synthesized by mixing sodium silicate
solution with mineral acid (Iler, 1979). The reaction produces‘ a concentrated dispersion of
hydrated SiO,. On standing, the SiO, polymerize and after drying and activation form‘
linked SiO, tetrahedra. Depending on the preparation conditions (i.e. pH, concentration,
drying), surface areas and pore sizés of silica geiS range from 300-850 m%g and 2-15 nm,
respectively (Yang, 1987). Silica gel is primary used as a drying agent .(Ruthven, 1984,
1991 Yang, 1987). | | ;

- Activated alumina is a highly polar adsdfbent, consisting of linked AlO, tetrahedra.
Itis commerchliy produced by fhermal dehydratiﬁonb or activation of aluminum trihydrate or
gibbsite (MacZﬁra etal., 1977). Depending on preparation conditions, typical surface
areas of activated alumina rahge from 250-350 mz/g (Yang, 1987). The primziry uses of
activated aluminaé include drying agents and chromatogfaphy materials (Yang, 1987).

| Activated carbon is a non-polar material with a structure consisting of graphite
layers stacked tolgefher to form a porous framework (Ruthven, 1984). Itis prepared by
thermal degradation and stream activation of carbonaceous matglials. The activation
conditions control the pore structure and mechanical strength of the carbon (Yang, 1987).
Typical surface aréas of activated carbons range from 100-2500 m*/g, and pore sizes may
range from micropores (< 2 nm) to macropores (> 50 nm) (Yang, 1987). SeQeral uses of
activated carbon include removal of light organics from gas streams, water purification, and
sugar decolorization (Ruthven ; 1991) |

Zeolites are crystalline materials with a charge balanced framewbrk conéisting of
silica (SiO,) and alumina (AIO,) tetrahedra (Yang, 1987). Zeolites are characterized by.a
narrow size distribution of extemal pores that pr0vide and/or restrict access to three-
dimensional cavities (Yang, 1987). Zeolites are commercially prepared by mixing
aluminum trioxide, silicon dioxide, water, and a charge bélancing metal oxide in

appropriate ratios (Breck, 1984). The materials copolymerize and crystallize in a



hydrothermal system. Using this technique, over 150 different zeolites, with specific pore
sizes and continuous internal cavities, have been synthesized and are designated by
numbers and letters (i.e. 5A, 4X, 10Y, ZSMS, etc.) (Yang, 1987). Zeolites are used
primarily for separating components from multicomponent streams and catalytic cracking

(Collins, 1968; Ruthven, 1991; Yang, 1987).

- Olefin Separation and Recovery

Traditional Techniques. The separation and recovery of olefins from paraffin
streams are important industrial processes ,(Eidridge, 1993) and cu_rrently rely on traditional
techniques, such as low temperature (eryogenic) distillations (Stobaugh, 1966; Tucher,
1959; Chrones, 1961) and extractive distillations (Emmric, 1986: Kumar et al., 1972).

Low temperature distillations are performed at elevated pressures in traditional trayed

fractionators. A typical ethylene/ethane separation is performed at around -25 °C and 320

psi in a column with over 100 trays (Yang, 1997). Extractive distillations involve use of a
polar solvent that changes the relative volatilities of the olefins and paraf_ﬁns in the mixture,
making their fractionation possible. Unfortunately, both vtechniques are energy and car)ital
intensive, requiring equipment that is expensive to build, operate, and maintain. In
addition, the techniques are only feasible for olefin separation and recovery from gas
streams containing large quantities of olefins; hence, their utility is limited to high capacity
reﬁnery crackers. As aresult, alternative technologies, based on physical and chemical

adsorbents, have been investigated for separating olefin from paraffin streams.

Physical Adsorbents. 'Phy‘sical adsorbents, which have been studied for selective
olefin adsorption, include the classical porous materials such as zeolites, activated carbon,
etc. which were previously deseribed. Oleﬁn separation using these materials relies on |
differences in physisorption strengths and diffusion rates. For example, olefins can be

separated from paraffins because the olefins, which replace adsorbed paraffins, diffuse into



the adsorbent at a faster rate; thus, a higher purity paraffin stream initially exits the
adsorbent (Schoeller and Mueller, 1986; Shu et al., 1990). When the olefin concentration
in the effluent stream breaks through, the adsorbent is regenerated, and the adsorbed olefin
is recovered. Alternatively, olefins and paraffins, physisorbed with unequal strengths, can
be selectivity removed using specific regeneration methods. For example, Shu et al.
(1990) and Kulvaranon et al. (1990) have selectively removed mixtures of propane and
propylene from zeolite using variable stepwise temperature desorption. In the system, the
more weakly adsorbed paraffin was removed at low temperatures, and the more strongly
adsorbed olefin was removed at elevated témpcratUres. These two studies as well as
additional studies of physical adsorbents for sc’lective olefin adsorption are discussed
below. ‘

Schoeller and Mueller (1986) demonstrated the utility of modified zeolites for the
separation of ethylene and propylene from gas mixture streams coﬁtaining 10% olefin,
paraffin, and nitrégen carrier gas. By replacing iNa" ion With 1argér K", Ba*, and Mg*
ions, olefin adsorption and separation were accdmplished by blocking the fraflsport of

paraffins through the zeolite. Based on breakthrough curves, retention times for ethane and

ethylene at 25 °C were 3 min and 15 min respectfully for the Mg** zeolite. In the

separation tests, the olefin was desorbed by heating to temperatures bctween 293 and 500
K and flowing nitrogen gas through the system. Olefin loadings per gram of adsorbent
were shown to depend on the nature of the exchanged ions and were 1.35 mmol/g for K*,
1.71 mmol/g for Ba?*, and 1.93 mmol/g for Mgz".v

Triebe et al. (1996) have investigated the utility of Ca** exchanged zeolites to
separate ethylene from light pérafﬁn streams. Sve[‘)_arationv studies on Ca* zeolite have
shown that oleﬁh/pafafﬁn adsorpvtion ratios, repoﬁed as ratios of Henry’s law constants,
range from 100 to 1100. The authors reported a heat of ethylene ad}sorpti(})n on the Ca*
zeolite of 13.9 kcal/mol and attributed the separafion to interaction between the olefin and

the divalent cationic sites of the zeolite.
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Shu et al. (1990) have investigated 13X zeolites in conjunction with variable
temperature stepwise desorption (VTSD) for separation and recovery of propylene from
streams containing both propylene and propane. The selectivity of the system primarily
depends on VTSD, especially since adsorption studies (Danner and Chol, 1978),
conducted at 1 atm in pure component streams, have shown that 13X zeolites adsorb
approximately equal quantities of propane and ‘pr_opylene. In VTSD method, the zeolite is .

first exposed to a compositional feed of propylene and propane. Then, the propane is

desorbed at 60-80 °C while the more strongly adsorbed propylene is removed at 120-160

°C. Using this system, Shu reported that 90% of the propylene from a 25%

propylene/75% propane stream could be recovered.

Kulvaranon et al. (1990) have also investigated the separation and recovery of
propylene using VTSD and a SA zeolite»édsor‘bent.‘ The study reported that 85% of the
propylene from a 25 mole% propylene/75 mole% propane stream was recovered with the
method. In his report, a preliminary economic comparison between the VT'SD method and
typical distillation method(s) was also conducted. While operational costs of the VISD
method were found to be more economical, initial investments were twice that of
distillation. Based on these results, he suggested that the VTSD method held promise for

industrial application, but needed further evaluation.

Chemical Adsorbents. Chemical adsorbents, which have been investigated for

selective olefin adsorption, include soluble metal complexes and solid materials both of

which contain late transition metals (i.e. copper(I) and silver(I) that facilitate the formation

of olefin-metal ®-bonds (B'Iytas:, 1990; Keller et‘al., 1990; Yang and Kikkinides, 1995;

Yang et al., 1997; Eldridge, 1993). The olefin-metal nt-bond has been explained by Dewar

(1951), Chatt, and Duncanson (1953) and is illustrated in Figure 1.
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Figure 1. Olefin-metal n-bond.

In the bonding scheme, one metal center binds one olefin molecule through the following
interactions: the olefin donates electron density from its m-orbital into the empty s orbital of
the metal, and the filled d orbital of the metal donates electron denSity back (i.e.
backbonding) into the empty antinbnding orbital of the olefin.

The n-bond between olefins and transition metals has been characterized by
infrared spectroscopy (Noltes et. al., 1970; Scott,» 1973; Tsai and ‘Quinn, '1969; Brandt,
1959). Upon coordination to transition mefals, the infrared spectral data have shown that
the band of the symmetric stretch of the olefin C=C bond shifts to lower wavenumbers and
the band of the inactive CH, wag of ethylene shifts to higher wavenumber (Yates et al.,

1966). The degree of C=C shift has routinely been correlated with olefin-metal bond

st‘rength (e.g. larger shift = stronger bond) (Elschenbroich and Salzer, 1992).
Since paraffins do not -bond, the olefin-metal t -bond has provided a route to

design more selective olefin adsorbent. As a result, a large number of chemical adsorbénts
have been inveStigated for selective olefin adsorption. A representative set of soluble and

solid chemical adsorbents are listed in Table 1 and reviewed below.
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Table 1. -Chemical Adsorbents Investigated for Olefin

Adsorption
adsorbent references :

| Copper(I) Zeolites | Xie, 1990; Pearce, 1988; Cen, 1990
Copper(l) Activated | Linlin, 1984
Alumina ‘
Copper(l) Activated | Hirai, 1988 -
Carbon
Copper(I) Clays Yang, 1995
Copper(l) and Blytas, 1990; Keller, 1990; Doyle,
Silver(I) soluble 1988; Komiyama, 1989; Tabler, 1985
complexes _—
Copper(l) and Yang and Kikkinides, 1995; Yang et al.,
Silver(I) resins 1997; Hirai et al., 1985 '

Soluble Chemical Adsorbents. Blytas (1990) has reviewed the area of copper(I)

salts dissolved in hydrocarbon solvents for separating olefins from paraffins. Adsorption

studies, conducted at 1 atm and 50 °C, have shown that a 1 M xylene solution of copper (I)

trifluoroacetate adsorbs 0.76 mmol of _propyl'e.ne per gram of solution, has a
propylene/Cu(I) mole ratio of 0.8, and a propylene/propane adsorption ratio of 14.
Adsorption studies, conducted on a series of the copper(I) salt solutions, pointed out that
adsorption ratios increased at higher salt concentrations but dramatically decreased at
pressures greater than 1 atm.

. Keiler et al. (1990) have reviewed aqueous silver(I) salts for separating olefins

from paraffins. Adsorption studies, conducted at 1 atm and 25 °C, have demonstrated that

a 3 M silver nitrate solution adsorbs 0.92 mmol of ethylene per-gram of solution and has an
ethylene/silver(I) mole ratio of 0.46. Additional studies déteﬁﬁined a heat of olefin

adsorption of 4.8 kcal/mol. The report also mentioned that olefin adsorption capacities of a
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series of silver(I) nitrate solutions increased with increasing salt concentrations; however,
this trend was paralleled by a dramatic drop in the ethylene/silver mole ratio.
Doyle et al. (1988) have investigated copper(I) diketonates, stabilized by

coordinating olefinic solvent, for separating olefins from paraffins. Adsorption studies,

conducted on copper(I)hexaﬂuoroacetonate in a-methylstyrene at 1.18 atm and 28 °C,

have shown that a copper diketonate solution has an ethylene/copper(I) mole ratio of 0.8
and has va ethylene/ethane adsorption ratio of 17. Based on Cu(I)-olefin interactions, the
olefin was proposed to displace the coordinating solvent. In the studies, the olefin was
recovered by‘ heating or depressurization.

Méthanol solutions of copper(I) chloride-ethylenediamine complex have been
investigated by Komiyama (1989). Adsorption studiés; conducted at 1 atm and 20 °C,

have shown that a 1.3 M methanol solution of the %:opper,complex adsorbs 0.52 mole
ethyl-ene and 0.03 mole of efhane per liter of solution, cbrresponding to an ethylene/ethane
adsorptioh ratio of 17. The report also stated that the selectivity»was greatly enhanced at
higher concentrations of the copper(I) chloridei—ethylene‘diarnine compléx; however, at
higher concentrations, the salt was reported to precipitate out of solution.

Tabler (1985) has evaluated olefin adsorption in hydrocarbon solutions of copper(I)

cyanide-aluminum chloride complex. Adsorption studies, conducted at 0.9 atm and 25 °C,

havie indicated that a 3 M xylene sqlution of copper cyanide—alurninum chloride complex
adsorbs 2.94 mole of ethyvlenre/ 1 L of solution, corfesponding to an ethylene/copper mole
ratio of 1.1. The report concluded that the expected 1:1 _rnolé ratio of ethylene/copper(I)
- was éxceeded due to alkylation of olefin with solvent. Oleﬁn/paIafﬁn selectivities of the

complex were not evaluated in the study.

Solid Chemical Adsorbents. Hirai et al. (1985) reported the utility of copper(I)

chloride immobilized on polystyrene resins having primary and secondary amino groups
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for olefin separations. Adsorption studies at 20 °C and 1 atm in single component streams,

have shown that the copper(I) chloride resin adsorbs 0.6 mmol/g of ethylene and 0.076
mmol/g of ethane corresponding to an ethylene/ethane adsorption ratio of 7.9. By studying
a series of copper(I)chloride loaded resins, olefin adsorption capacities were found to
increase to a maximum at a Cu(I)Cl Ioading of 15 mmol copper(I)chloride/g of resin, and
the olefin/copper(I) mole ratios were Shown to decrease as the copper(I)chloride loadings
increased. Assuming maximum exchange cépacity (3.85 meQ/g) for the resins, the
ethylene/copper(I) mole ratios for all sarnples were less than 0.16.

Olefin adsorption on activated carbon impregnated with copper(I) chloride has been

investigated by Hirai et al. (1988). Adsorption studies conducted at 20 °C and 0.9 atm

have shown that the copper(I) chloride activated carbon‘ adsorbs appror(imately 0.31
mmol/g of ethylene, corresponding to an ethylene/copper mole ratio of 0.2.
Linlin et al. (1984) evaluated ethylene adsorption by eqpper(I) chloride dispersed
on activated alumina. In studying a series of the different copper(I) chloride loaded
“alumina samples, it was shown that ethylene adsorption (4.95 ml/g) reached a maximum at
a loading ratio ‘of 0.31 g Cu(D)Cl/g alumina and that the ethylene/cbpper(I) mol ratio (0.19
at lowest copper(I)chloride loading) decreased with higher copper(I)chloride loadings.

Copper(I) zeolites have been investigated for olefin adsorption by Xie et al. (1990).
Studies conducted in single component streams at 25 °C and 1 atm have shown that
copper(I) zeolites have a large ethylene adsorption cépacity 4.4 rnmoll g). In addition,
studies, conducted on the copper(I) zeolite in mixture streams composed of 10% ethylene

and 90% inerts and hydrocarbons, have shoWn that the offgas in the first 20 min was only

10 ppm of ethylene and the total ethylene uptake was 2.2 mmol/g. In the system, ethylene

was desorbed by heating and evacuating at 150 °C.
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Yang and Cheng (1995) have investigated pillared intérlayered clays impregnated

with copper(I) chloride for the separation of ethylene and ethane. Adsorption studies,

conducted at 1 atm and 25 °C in single component streams, have shown that the copper(I)

chloride TiO,-clay adsorbs 0.58 mmol/g of ethylene and 0.1 mmol/g ethane, corresponding
to an adsorption ratio of 5.3. The authors reported a heat of ethylene adsorption on the |
copper(I) TiO,-clay of 13.7 kcal/mol. Additional adsorption studies, conducted on a seﬁes
of different copper(I)chloride loaded clay samples, indicatéd a maximum ethylene
adsorption capacity ona cléy with a copper(I)chloride/clay mole rétio of 0.38. In addition,
it was shown that the ethylene/copper(I) mole ratio (0.38 at lowest copper(I) loading)
steadily declined as the copper(I)chloride loadings in?reased.

The separation of ethylene from ethéﬁe using silver(I) exchanged sulfonated

polystyrene divinylbenzene resins (Amberlyst 15 and 35) has been investigated by Yang: -

and Kikkinides (I 995) énd Yang et al. (1997). Adsbrption studies, conducted at 25 °C and

1 atm in single component streams, have shown that a 51.2% Ag(I) exchanged Amberlyst
15 resin adsorbs 1.15 mmol/g of ethylene and 0125 mmol/g of ethane, corresponding to

an adsorption ratio of 9.2 and an ethylene/Ag(I) mole ratio of 0.4. Adsorption studies,

conducted at 25 °C and 1 atm in single component streams,indicated that a 36.5% Ag(l)

exchanged Amberlyst 35 resin adsorbs 1.48 mmol/g of ethylene and 0.231 mmol/g of
| ethane, corresponding toa ¢thylen.e/silver adsorption ratio of 0.64 and» ethyléne/Ag(I) mole
ratio of 0.78. In additioﬁ, a series of Ag(D exchanged Amberlyst 35 resins (range: 31-64%
of ex. capacity) were evaluated for ethylene and ethane adsorption at RT and 1.7 atm in
single component streams. The data indicated that; the éthylene/ethane adsorption ratio was
maximized on a 45% Ag(I) excl‘langed‘ Ambérlyst 35 resin aﬁd dropped afterwards; the |
ethylene adsorption capacity was maximized on a 36.5% Ag(I) éxchanged Amberlyst 35
resin; and the ethylene/silver mole ratio (initially 0.97), dropped dramatically at higher
Ag(I) loadings. On all the Ag(l) resins, the heat of ethylene adsorption ranged from 9-11
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kcal/mol, and approximately 10% of the ethylene was irreversibly adsorbed. The authors

- reported that the irreversibly adsorbed ethylene was removed at 100 °C, restoring the

adsorption capacities of the resin.
Statement of Problem

As presented, physical and chemical adsorbents are available for separating olefins N
from multicomponent sfreams; howéver, few have found industrial application in olefin
separation. The .physical adsorbents have l‘afge‘adsorptiobn capacities but very poor
selectivities, adsorbing both pafafﬁns and olefins equally well (Hirai et al., 1985, 1988). |
The soluble chemical adsorbents have good selectivities but low adsorption capacities
(Hirai et al., 1985, 1988). In addition, they are extremely sensitive to air, water, oxygen,
and solvent and have a stroﬁg tendeﬁcy to precipitate out of solution (Blytas, 1990; Keller
et al., 1990; Tabler; 1985; Komiyama, 1989v);' The solid chemical adsorbents, as noted by
Yang and Kikkinides (1995), Yang et al. (1997), Hirai et al. (1985, 1’988); and Eldridge
(1993), hold the most potential for application in industrial olefin separations; however,
additional adsorption data and further researcﬁ are required to improve adsorption
capacities, stabilities, and selectivities of solid chemical adsorbents, design cost effective

adsorption processes, and match adsorbents to process streams.
Research Goals

The main obj ec.tive bf this study has been to further ’evalﬁaté olefin adsorption on
cation exchanged Ambcflyst’ 15 resins using improvedexperimental adsorption techniques
~and spectroscopic techniques. The cation exchanged Amberlyst 15 resins were chosen for
this study becaﬁse, when éompar’ed with other oleﬁn adsorbents, the resins have been
shown to offer increased olefin adsorptién capacities, larger metal loadings, énd stabilities
required for adsorption and spe‘ctroscdpic characterization. Since a commercially viable

olefin adsorbent is not currently available, the goals of the study, listed below, focus on
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introducing alternative techniques for characterizing adsorption and discovering new
information which can be applied to the design and development of improved olefin

adsorbents.

The goals of this study were:

(1) To develop and 'verify an improved rﬁéthod, Which c’omb‘ines static and dynamic
volumetric techrﬁqués to measure olefin aﬁd paraffin adsbrptibn capacities and
olefin/paraffin Selectivities under conditions representative of industrial prvocessves.

(2) To measure olefin adsorption }(‘:apzicities and determine olefin/paraffin selectivities of
Ag(I) exchanged Amberlyst 15 resins as a function of multicomponent stream composition,
cation exchange, and metal loadiﬁg. v | ‘

(3) To measure Qleﬁn adsorption capacities of Ca(II),Na(I), and Ni(II) exchanged
Amberlyst 15‘resirgs.'

(4) To fit olefin. adsorption data collected on Ag(I) exchanged Amberlyst 15 resins using
the Yang and Kikkinides, Langmuir, Toth,; and Unilan isotherms.

5) To.characterize the active site(s) for ion cXchangé dn the Arﬁberlyst 15 resin.

(6) To spectroscopically characterize olefin adsorption on Ag(l) exchanged Amberlyst 15
resin. | |

(7) To propose active sites for olefin adsorption on Ag(I) exchanged Amberlyst 15 resins.
Summary of Chapters

In Chapter I, a thermal gravimetric analyzer, which was used to collect temperature
dependent ethylene and ethane adsorption isotherfns, is _desc_n'bed. An improved
multicomponent desorption analyzer‘ (MDA), Which COmbineS gas'chrornatogra[')hy and
volumetric methods to measure temperature dependent equilibrium adsorption of ethylene
and ethane as a function of multicomponent stream compoéition under conditions

representative of industrial processes, is described. The synthetic method used to prepare
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the cation exchanged Amberlyst 15 resins is presented. Nitrogen adsorption, mercury
porosimetry, scanning electron microsbopy (SEM), energy dispersive x-ray adsorption
spectroscopy (EDXAS), nuclear magnetic resonance spectroscopy (NMR), and diffuse
reflectance infrared fourier transform spectroscopy (DRIFTS)‘, which are used to
characterize the unexchanged and caﬁon exchangéd Amberlyst 15 resins and the nature of
the interaction between olefin and Ag(I) éxchanged Anﬁ)erlyst 15 resin, are presented.

In Chapter III, nitrogen adsorption dat}i, mercury pdroéimetry data, scanning
electron microscopy (SEM) images, energy dispersive x-ray adsorption spectroscopy
(EDXAS) profiles, nuclear magnetic resonance spectroscopy (NMR) spectra, and diffuse
reflectance infrared fourier transforrh spectroscopy (DRIFTS) Spectfa, collected on
unexchanged and Ag() cxchaﬁged Amberiyst 15 fesins, are presentéd and discussed. In
agreement with previous réports, the DRIFTS and NMR -spectra indicate; (1) the sulfonate
groups are the active sites for ion exchange oﬁ the Amberlyst 15 resin; (2) the hydration
structure of the Arhberlyst 15 resin is reorganized by ion éxchange; and (3) the Amberlyst
15 resins contain significant quantities of moisture even after extensive drying. The
nitrogen adsorption data, mercu’ry porosimefry data; and SEM images suggest that the
physical structure of the Amberlyst 15 resin is nét modified by Ag(I) exchange. The
EDXAS profiles indicate that Ag(I) is homogeneously dispersed within the Amberlyst 15
resin bead.

In Chapter IV, temperature dependent ethylene and ethane adsorption data, collected
on Ag(I) exchanged Amberlyst 15 resins as a function of biriary stream composition and
Ag(I) loading using the TGA and MDA, are reported and discussed. The extent of Ag(I)
exchange on thé Amberlyst 15 fesins, estimated by weight analysis and détermined by
elemental analysis,v is presented. 'DRIFT S—I;ITEC‘spectra, used to characterize the nature of
the interaction between olefin and 61% Ag(l) exchanged Amberlyst 15 resin, are presented
and discussed. When cbmpared with elemental analysis, weight analysis shows to be

highly inaccurate for measuring the extent of ion exchange on Amberlyst 15 resins. Gas
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chromatography analysis of CP grade ethane sets precedence for the evaluation of gas
purities in future adsorption studies. When compared with the TGA, the adsorption results
in‘dicate that the MDA is a comparable technique which collects adsorption data under
conditions more representative of industrial processes. In agreement with previous
predictions, the adsorption data indicate that ethylene/ethane selectivities of the Ag(I)
exchanged Amberlyst 15 resins dramatically increase as the concentration of ethylene in a
binary stream decreases. Althongh unprecedented in the literature, our adsorption data
show that extremely low Ag(I) loaded Amberlyst 15 resins have surprisingly high olefin -
adsorption capacities and oleﬁn/parafﬁn selectivities. Contradictory to previous infrared
studies and adsorption predict-ions, the DRIFTS spectra and adsorption data suggest that
ethylene is primarily physisorbed on the Ag(I) exchanged Amberlyst 15 resin. The
combination of nitrogen adsorption data, mercury-porosimetry data, EDXAS profiles,
temperature dependent adsorptiondata collected as a function :of Ag(I) loading, and
DRIFTS-HTEC spectra suggest that the Ag(I) exchanged Amberlyst 15 resin co.ntain
unequivalent Ag(I) exchanged active sites for adsorption V |
In Chapter V, curve fits of the ethylene adsorption data collected on 61% Ag(I)

exchanged Amberlyst 15 resin are presented. In addition, the physisorbed and
chemisorbed fractions of ethylene on 51.‘7% Ag(I) exchanged Amberlyst 15 resin,
estimated from the previously reported Yang and Kikkinides isotherm equation, are
reported. The curve fits indicate that the Langmuir; Toth, Unilan,vand Yang and
: Kil{kinides isotherm eq,uiations adequately represent the ethylene adsorption isotherm and
‘ that previously proposed models for ethylene adsorption on Ag(l) exchanged Amberlyst 15
resins do not adequately represent ethylene adsorpt1on on Ag(D) exchanged Amberlyst 15
res1n As prev1ously suggested, the curve fits prov1de no ev1dence to distinguish sites for
ethylene adsorpt1on on Ag(I) exchanged Amberlyst 15 resins.

In Chapter VI, ethylene adsorption isotherms, collected on Ca(Il), Na(I),'and Ni(ID)
exchanged Amberlyst 15 resin, are reported. In addition, DRIFTS spectra of Ca(II) and

£
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Na(I) exchanged Amberlyst 15 resins are presented. The adsorption isotherms illustrate the
unique role of silver in olefin adsorption on cation exchanged Amberlyst 15 resin. In
agreement with conclusions in Chapter III, DRIFTS spectra indicate; (1) the sulfonate
groups are the active sites for ion exchange on the Amberlyst 15 resin; (2) the hydration
structure of the Amberlyst 15 resin is reorganized by 1on exchange; and (3) the Amberlyst
15 resins contain significant quantities of moisture. '

In Chapter VI, nuclear magnetic resonance spectroséopy (NMR) sﬁectra of model
compounds, which represent the ménorher ‘unit'o_f the Amberlyst 15 resins, are presented
and discussed,'v and an éctive site inodel for efhylene »adsorption on Ag(I) exchanged
Amberlyst 15 resins is proposéd. Model compoﬁnd studies show that Ag(I) does not
preferentially interact with unsaturated systems of the Amberlyst 15‘Vresins, ruling out
. possible Ag(I)-unsaturated sites for ethylene adsorption on the Ag(I) exchanged Amberlyst
15 resins. The éxperimental data indicate that ethylene is not physisorbed in pockets or -
trapped in isolated ar_eaé of the resin created during Ag(I) exchange. In agreement with
previous ion exchange studies of macroreticular ion eXchange resins, the experimental data
indicate that Ag(I) exchanged Amberlyét 15 resins have different exchange sites which
preférentially exchange Ag(I) cation resulting in Ag(I) sites which have different affinities
for ethylene.

In Chapter VIII, future investigations of cation exchanged Amberlyst 15 resins are

discussed.
Summary Statement

In summary, a multicomponent deSOrption analyzer (MDA) for evaluating olefin
and paraffin adsorption and oleﬁn/parafﬁn seléctivity under conditibns representative of
industrial process streams has been designed anc} constructed. The MDA offers chemists
and engineers an improved technique for measuring multicomponent adsorption data which

can ultimately be used to better match adsorbents to process streams and design more
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applicable adsorber units. In addition, researchers have generally assumed that higher
adsorption capacities and improved selectivities are achieved on adsorbents having
increased and optimized metal loadings. In contrast, ﬁnexpectedly high olefin adsorption |
capacities and olefin/paraffin selectivities are achieved on Ag(l) exchanged Amberlyst 15
resins having extremely low Ag(I) loadings and data conclusively support that Ag(@)
exchanged Amberlysf 15 resins have chemically different Ag(I) exchanged active sites
which adsorb oleﬁn. These results should provide new routes for the design,
development, and characterization of ir’nprovéd'and more cost efficient adsorption
technologies which may find commercial appliéation in industrial ol¢ﬁn/parafﬁn

.- Separations.
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CHAPTER II
EXPERIMENTAL METHODS AND PROCEDURES
Sufnmary

In Chapter_' I, a thérmal ‘gravimetric analyzer, which was used to collect temperature |
dependent ethylene and ethane adsofption isotherms, is d¢scﬁbed.. An improved
multicomponent desorption analyzer (MDA), which combines gas chromatography and
volumetric methods to measure terhperature dependént equilibrium adsorption of ethylene
and ethane as a function of multicomponeﬁt stream Cémposition, under. conditions
representative of industrial processes, is described.} ‘The synthetic method used to prepare
the cation exchanged Amberlyst 15 resins is préséﬁted. Nitrogen adsorption, mercury
poroéimetry, sca‘lnn‘ing eléctron microscopy (SEM), energy disperéive x-ray adsorption
spectroscopy (EDXAS); nuclear magnetic resonance spectroscopy (NMR), and diffuse
reflectance infrared fourier transform spectroscopy (DRIFTS), which were used to
characterize the unexchanged and cation exchanged Amberlyst 15 resihs and the nature of

~ the interaction between olefin and Ag(I) exchanged Amberlyst 15 resin, are presented.
Preparation of Ion Exchanged Amberlyst 15 Resins
Materials

AgNO,, NaNO,, Ca(NO,), - 4H,0, and Ni(NO,), - 6H,0, Amberlyst 15 resin,
and methanol were purchased from Aldrich and used as received. Deionized (DI) water
was prepared in-house using a Barnstead E-pure filter system. The conductivity of the DI

water was 5.49 x 10" ohm-m (i.e. resistivity of 18.2 megohms-cm).
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Ion Exchange

Ag(I), Ca(Il), Ni(I) and Na(I) exchanged Amberlyst 15 resins were prepared
| following a procedure reported by Yang and Kikkinides (1995). Before exchange, 200 g
of Amberlyst 15 resin was prepared by washing with 300 mL of DI water and 300 mL of

methanol followed by drying in air at 100 °C for 24 h. In a typical exchange, a selected
volume and molarity of aqueous metal salt was added to a preweighed quantity of prepared
Amberlyst 15 resin and exchanged for 14 hr at RT. The solution was then decanted, and

the exchange successively repeated. After a set number of exchanges, the cation exchanged

Amberlyst 15 resin was washed with 100 mL of DI water and 100 mL of methanol, dried
in air at 100 °C for 24 h, and stored in air. The extent of Ag(D) ion exchange was

determined by elemental analysis and weight increase after exchange. The extent of Na(l),
Ca(1I), and Ni(IT) ion exchange were not measured, because a significant weight increase
was not observed after exchange. The details of the Ag(I), Ca(Il), Na(I), and Ni(II)

exchanges are summarized in Tables 2, 3,4, and 5 respectfu‘lly.
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Table 2. Synthesis of Ag(I) Exchanged Amberlyst 15 Resin

25

resin, | AgNO, | AgNO, | numberof | extentof extent of error,
g conc., volume, | exchanges | exchange, % | exchange, % | %
M mL elemental weight
analysis- analysis

5.000 [ 0.014 | 20.0 5 7.0 na na
3.047 10.07 16.8 3 16 12.5 28
2.978 10.07 20.1 2 19.6 14 29
3.011 }0.07 20.1 3 29 21.8 25
3002 007|302 |3 2.6 349 8
5.000 | 0.07 100 5 61 75.1 23
Table 3. Synthesis of Ca(Il) Exchanged Amberlyst 15 Resin
resin, g ’Ca(N 0,),x 4H,0 | Ca(NO,),x 4H,0 | number of

conc., M : volume, mL exchanges
2.000 0.07 100 5
Table 4. Synthesis of Na(I) Exchanged

- Amberlyst 15 Resin

resi‘n, g | NaNO, NaNO, number of

conc., M | volume, exchanges

mL

T030 0014 100 |4
Table 5. Synthesis of Ni(Il) Exchanged Amberlyst 15 Resin
resin, g [ Ni(NOj),x 6H,0 [ Ni(NO,),x 6H,0 | number of

‘conc>., M volume, mL e){éhanges
2.069 0.07 100 2




Adsorption of Ethylene and Ethane

Thermal Gravimetricv Analysis

Thermal Gravimetric Analyzer. Temperature dependent pure gas adsorption and
desorption isotherms of ethylene and ethane were collected usin‘g‘a Cahn System 113

Microgravimetric 2000 Balance (TGA), displayed in Figure 2.

will {1
16 * b
17 18 | ,l
: ’ | 19
14 : T

12

Figure 2. Thermal gravimetric analyzer. 1. Helium feed. 2. Manual flowmeter. 3.
Blowoff valve. 4. 3-way valve. 5. Vacuum pump. 6. Balance. 7. Pressure gauge. 8. 3-
way valve. 9. Vent. 10. Furnace. 11. Sample pan. 12. Thermocouple. 13. 2-way valve.
14. Blowoff valve. 15. Hydrocarbon feed. 16. Helium feed. 17. Drying column. 18.

Electronic flow controllers. 19. Drying column.
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The TGA consists of two Brooks 5890C electronic flow controllers, which regulate
and maintain the flow of helium and hydrocarbon mixtures in the sample chamber at 500
‘mL/min; a manual ﬂowmetér, which regulates and maintains helium purge flow at 100
mL/min; a Micricon 823 temperature program controller, a furnace, and a J-type

- thermocouple, which monitor and regulate the temperature of the sample; a microbalance,

which measures the weight of the sample on a 100 g scale; and a Precision Scientific D-75

vacuum pump.

Materials. CP grade ethane, CP grade ethylene, and UHP grade helium were
purchased from Sooner Air. Gas chromatography (GC) was used toudetermine the purity
of the hydrocarbons. While the ethylene was found to be pure, cthmatography results
indicated that the ethane was contaminated with 1% residual ethylene. For moisture
removal, ethylene and ethane were passed through an Alltech gas purifier drying column,

and helium was passed through an Alltech hydro-purge drying column.

Buoyancy and Drag. Buoyancy and drag of the sample in different compositional

streams of helium and hydrocarbon create variations in sample weight due to changes in the
density and viscosity of the gas mixture. Therefore, buoyancy corrections and drag
corrections, which are required to accurately calculate total uptake, were evaluated for each
compositional stream. - |

Buoyancy corrections were collécted using the following procedure. A 50.0 mg
non-adsorbing blank was placed in the sample cup, the balance was outgassed (2.6 x 107
Torr), and the sa‘mpleweight recorded.‘ Helium purge was then uséd to vretum the balance
to atmospheric pressure, and the sample weight was recorded. Then, the first
compositional stream bf helium and hydrocarbon was introduced into the sample chamber.
After the compositional stream was interrupted, the weight of the sample fell compared to
the starting weight. The difference between the starting weight and final weight was the

buoyancy correction for this compositional stream. The procedure was repeated for each
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compositional stream of helium and hydrocarbon. The buoyancy corrections for all the
compositional streams of helium and hydrocarbon are presented in Appendix A.

Drag cofrections were collected using the following procedure. A 50.0 mg non-
adsorbing blank wae placed in the sample cup, the balance was outgassed (2.6 x 10° Torr),
and the sample weight recorded. Helium purge was theﬁ used to return the balance to
atmospheric pressure and the sample weight recorded. Then, the first compositional stream
of helium and_,hydrocarbon was introduced into the sample chamber, and the weight of the
sample was observed to drop. The difference between the starting weight and the ﬁnal
weight was the drag correction for this compositional stream. The procedure wé_s repeated
for each composjtional stream of helium and hydrocarbon. The drag corrections for all the

compositional streams of helium and hydrocarbon are presented inbAppendix A.

Ethylene and Ethane Adsorption Isotherms Collected at RT. In a typical analysis,

approximately 50 mg of sample was placed in the sample pan and outgassed to a constant
weight. Helium purge was used to return the baladce to atmospheric pressure and
maintained. A compositional stream of helium and hydrocarbon gas was then introduced
into the sample chamber and maintained until an equilibridm weight was achieved. Ina
typical run, equilibrium-was achieved in approximately 5-10 min. Hydrocarbon flow into
the sample chamber was then stopped, the total weight géin recorded, and the subsequent
compositidnal flow of heli_ljm and hydrocarbon initiated. The procedure was repeated for
each compositional stream of helium and hydrocarbon. - Uptake of hydrocarbon was
calculated using equation 5. |

5) uptake = (weight gajn + buoyancy correction) - initial vacuum weight

Sample TGA calculations are presented in Appendix A.

Ethylene Desorption Isotherms Collected at RT. After equilibrium adsorption was
attained in a pure hydrocarbon stream at RT and 1.0 atm, equilibrium desorption was

achieved by repeating the adsorption procedure in reverse order and eventually outgassing
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to constant weight. Equilibrium desorption typically required 10-15 min while complete
“outgassing required 2-4 h. Desorption of hydrocarbon was calculated using equation 6.

(6) desorption = (weight gain + buoyancy correction) - final vacuum weight

Ethylene Adsorption Isotherms Collected at 60 °C. The RT adsorption procedure

was slightly modified since erratic weight fluctuations occurred when sample flow was

interrupted at 60 °C. As reported by Ackley (1991), erratic weight fluctuations, resulting

from convection currents in the sample tube and temperature overshoot of the furnace, are a

common problem in gravimetric analyses at elevated temperature. In a typical analysis at
60 °C, approximately 50 mg of sample was placed in the sample pan and outgassed to a
constant weight. Helium purge was then used to return the balance to atmospheric pressure

at which point the temperature was adjusted to 60 °C, and the sample weight was recorded.

A compositional stream of helium and hydrocarbbn was then introduced into ;the sample
chamber and maintained until an equilibrium weight was achieved. The weight was
recorded, and the next compositional stream of helium and hydrocarbon was initiated. The
procedure was repeated for each compositional stream of helium and hydrocarbon.
Hydrocarbon uptake was calculated using equation 7.

) uptake = flow weight - (helium weight - buoyancy weight - drag weight)

Heats of Ethylene Adsorption. Knowing equal volumes of ethylene adsorbed at

two different partial pressures and two vdifferent ternpératUres allowed the heat of ethylene

adsorption (AH,,) to be calculated using equation 8.
‘ P TT
(8) -AH,, =Ln—=R —*-
R\T-T,
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Multicomponent Desorption Analysis

Multicomponent Desorption Analyzer. An in-house constructed, multicomponent

desorption analyzer (MDA), displayed in Figure 3, was used to measure temperature
dependent equilibrium adsorption of ethylene and ethane on the cation exchanged

Amberlyst 15 resins as a function of binary stream composition and metal loading.

18

Figure 3. Multicomponent desorption analyzer. 1. Hydrocarbon feed. 2. Electronic flow
controllers. 3. Adsorbent loop. 4. Vent. 5. Vacuum gauge. 6. Pressure transducer. 7.
Cold trap. 8. Vacuum. 9. 2-way valve. 10. 2-way valve. 11. Septum. 12. Heating
cord. 13. Thermocouple. 14. 6-way valve. 15. Electronic flow controller. 16. GC

syringe. 17. Argon. 18. Variac.
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The MDA consists of a vﬁriac, heating cord, and +/- 1 °C J-type thermocouple,

which regulate and monitor the 'ternperature of the adsorbent loop; a +/- 0.05% sensitivity
0-50.00 psi Sensotech pressuré .transducer, which provides the pressure va desorbed
components; a gas chromatograph, which analyzes the composition of the desorbed
components; an Alltech 6-way valve, a cold trap section, a Welch 1405 vacuufn pump, and
two Brooks 5890C electronic flow controllers, which regulate the cornposition of the

binary gas mixture and maintain the binary gas mixture flow at 50 mL/min.

Materials.. CP grade ethane, CP grade ethylene, UHP grade‘ argon, zero grade air,
UHP grade hydrogen, and CP grade nitrogen were purchased from Sooner Air and used as
received. As discussed previously, GC anzilysis indicated that the ethane was contaminated

with residual ethylene.

Ethylene and Ethane Calibration Curves. For analyiing gaé mixture compositions,
ethylene and ethane calibration curves were prepared using the MDA cold trap and a
Hewlett Packard 5890 Series 2 Plus Chemstati_on‘G»as Chromatograph (GC). For

collecting the calibratioh data, the MDA cold trap was outgassed, isolated, and filled with

ethylene or ethane to approximately 1.00 atm at RT. Then, a 10.0 pl sample of the gas in

the cold trap was injected into the GC using a gas tight syringe. Knowledge of the volume,
pressure, and temperature of the gas allowed the total moles of the gas injected to be

calculated using equations 9 or 10.

) total mEE injected = P-V/R-T
(10) " total mEA injected =P-V/R-T

The procedure was repeated 4 times at 1 atm and 5 times at trép pressures of 0.61, 0.41,

0.20, & 0.12 atm, providing 25 ethylene and 25 ethane calibration points.

31



For the GC analyses, a (50 m x .53 mm x 15 mm) Hewlett Packard P-PLOT ALO,

capillary column (80 °C oven), split/splitless inlet (120 °C), and flame ionization detector

(120 °C) were employed. Helium was used as the inert carrier gas. Column flow was 1.0

ml./min; the split ratio was 100:1; and the purge flow was 1.0-3.0 mL/min. Detector flows
were constant at 19.0 mL/min of make-up helium, 400 mL/min of air, and 30.0 mL/min of
‘hydrogen. An Alltech digital flow check meter was used fo measure GC flows.

The integrated peak areas of the injections were bplotted against the corresponding
moles of ethylene and ethane. Linear reg’res’sionanalyses of the calibration points,
conducted using Excel 5.0, provided éalibration curves, which are 'prese'nted in Appendix

B, and equations 11 and 12, which were used to calculate moles of ethylene and ethane in

all GC analyses.
(1D mEE = (pa + 18270.97536)/4.47886537832 x 10'' [R = 0.998]
(12) mEA = (pa + 11544.446449)/3.68207038303 x 10" [R = 0.988]

Trap Volume Determination. The trap volume of the MDA, which is used in
conjunction with pressure and témperature to calculate the‘ moles of desorbed gas, was
determined by outgassing and isolating the trap section between valves 9 and 10. Samples
of gaseous nitrogen (100 mL), obtained at STP, were then injected into the cold trap using
a gas tight syringe, and the pressures recorded. The trap volume (4.485 mL), based on an

average of 10 injections, was calculated using equation 13.. .

(13) o V, = (P, 100)/P,

Sample Loop Preparation. A pre-weighed 3.94" x 1/8" stainless steel loop was
loosely packed with adsorbent (150-200 mg) to rrﬁnirnize diffuéion limitations; Weighing
the loop before and after packing p‘rovided the mass of the adsorbeﬁt in the loop. After
packing the ends of the loop with glass wool, the loop was re-weighed and attachéd to the

6-way Alltech valve. The 6-way valve was then positioned to trap, isolating the loop for
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adsorbate removal, and the adsorbent was outgassed (6.6 x 10” Torr) overnight at 100 °C.

Weight loss of the adsorbent during outgassing was measured by removing the loop and
re-weighing. Depending on moisture content of the sample, the % weight loss ranged from -

3-15%.

Void Space Determination. To account for components trapped in the void space of
the adsorbent loop, the“void space of the packed loop was determined. In the procedure,
. the 6-way valve was positioned to load, and ‘the adsorbent charged for 10 min with argon at
80 m/min. Under static vacuum, the‘6-\5.vay valvo was then switched to trap; the argon
flow terminated; and the argon collected in ihe cold trap at liquid N, temperature. The cold
trap was then isolated and warrned to RT, and then the pressure was recorded. Keeping
the loop isolatod, the cold trap was outgassed. A considerable portion of argon, having a |
vapor pressure of 0.33 atm (Lide, 1990) at liquid N, temperature,.reinained in the loop.
The residual argon was removod by repeated trapping under staﬁc vacuum until 0.00 atm

was attained. ‘The valve was then re-positioned to trap and the adsorbent outgassed (6.6 x
10”° Torr) overnight at 100 °C. The void space was calculated using equation 14.

(14) V,=V:P/P,

Sample void space calculations are presented in Appendix B.

Adsorption of Ethylene and Ethane Mixtures at RT. For adsorption of ethylene and
ethane mixtures, a binary stream was introduced into the loop by positioning the 6‘—way
valve to load. The binary stream flowed over the adsorbent and exited the vent at RT and 1
atm. The adsorbent was in contact with the binary stream for 20 min, which, as estimated
by TGA analysis, was sufficient to achieve adsorption equilibritim; During the last minute
of adsorption, a 10.0 pl sample of the binary stream exiting the vent was injected into the
GC using a gas tight syringe to determine the oomposition. The ethylene/ethane rnole ratio

of the stream was calculated using equations 15 and 16.
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(15) % ethylene vent = mEE vent/(mEE vent + mEA vent)
(16) % ethane vent = mEA vent/(mEEvent + mEA vent)

Des'ogp tion of Ethylene and Ethane Mixtures at RT and 100 °C. The ethylene and

ethane mixtures, adsorbed on the sample, were removed, analyzed, and calculated using
the following procedure. Under static vacuum, the 6-way valve was positioned to trap,

and the mixture stream terminated. The ethylene and/or ethane in the loop was desorbed

using static vacuum and collected in the cold trap at liquid N, (77 °K) temperature. At this

point, the variac was activated for desorption at 100 °C. After 0.00 psi was attained,

indicating that the gases had solidified (et'hylene and ethane have 0.0 vapor pressures at
liquid N, temperature; Lide. 1990), dynamic vaéuum was initiated and maintained for 10

min. The cold trap was then isolated and warmed to RT, and the pressure was recorded.
Using a gas tight syringe, a 10.0 ul sample of the gas in the cold trap was then injected into
the GC. Keeping the loop isolated, the septum was replaced, and the cold trap outgassed.
The desorption sequence was then successively repeated to remove any residual fraction of
adsorbates remaining in the loop. Next, the variac was switched off (if 100 °C desorption
was utilized), and the adsorbent cooled to RT. Finally, the flow controllers were adjusted
to establish the next composition of the binary stream; the loop re-positioned to load, and

the procedure repeated.

Total moles of gas coliected in the trap were calcdlated- using equaﬁon 17.
(17) total m = ¥ P-(V/R-T)
The ethylene/ethane mole ratio in the trap was calculated-directly from GC data using
equations 18 and 19.
(18) % ethylene V, = mEEV, (mEEV, + mEAV,)
(19) % ethane V=mEAV /(mEEV, + mEAV )
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The moles of ethylene and ethane in the trap were calculated using equations 20 and 21.

20) mEEV, = total mEEEA-(% ethylene V)

21) | mEAV, = total mEEEA-(% ethane V)

The moles of ethylene and ethane in the void space were calculated using equations 22 and

23,
(22) 'mEEV, = [P,-'V/RT]-(% ethylene vent)
(23) ‘mEAV, = [P,V /R-T]-(% ethane vent)

The moles of ethylene and ethane desQrbed/grafﬁ df adsorbent were calculéted using
equations 24 and 25. | o

(24) - mEEdgé = [(rriEEVt - mEEVp)/ga]

(25) mEAdga = [(mEAV, - mEAV )/ga]

Selectivities of the adsorbent in thé multicomponent streams were calculated using equation
26. |

(26) mEE/mEA = (mEEdga/XEE)/(mEAdga/XEA) \

Sample MDA calculations on 61% Ag(I) éxchanged 15 resin in a binary stream

approximately comp'osed of 20% ethylene and 80% ethane are presented in Appendix B.

Propagation of Error Analysis. Propagation of error analysis (Jenson and J efferys,

-1963) was conducted on MDA calculations. The maximum syringe error was estimated at

0.1 pl; the maximum temperature error was 1 °C; and the maximum pressure error was

0.02 psi. Plugging maximum error values (0) into equation 27 resulted in a +/- 2.5% error

in calculations.:

5V or
__+__
1% T

: ' P
27 Maximumerror = 53 +
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Curve Fittin

A fitting prograrﬂ (Jackson, 1974), based on Marquardt’s method, was employed
to nonlinear least squares fit ethylene adsorption data using the Yang and Kikkinides
isotherm equation (1995), the Langmuir isotherm equation, the Toth isotherm equation,
and the Unilan isotherm equation. Single Comporient adsorption isotherms and binary
desorption data, which were not nonlinear least squares fit, are plotted as experimental data
points connected with straight lines.

Characterization of Unéxchanged and Cation
Exchanged Amberlyst 15 Resins

Scanning Electron Microscopy and Energy Dispersive X-ray Adsorption Spectroscopy

Scanning electron rnicrdgraphs (SEM) and Energy DispegSive X-ray Adsorption
(EDXAS) Spectr'a‘were collected using a Leica Cambridge Stereoscan 360FE 03.03.
Voltage was 20 kV; field emission was 360; probe current Was 100.02 pA; and the
working distance was 9-10 mm The x-ray unit was an Oxford Link eXLII. Samples were '
mounted on aluminum supports using silver paste. Before analysis, the mounted samples
were carbon coated. The SEM and EDXAS analyses were conducted by Robert Parkhill at

Wright Patterson Research Facility located in Dayton, Ohio.

Elemental Analvsis

" Elemental énalyses of the Ag(I) éxchanged Amberlyst 15 resin for silver content

were conducted by Galbraith Laboratories located in Knoxville, TN.
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Nitrogen Adsorption and Mercury Porosimetry

Nitrogen adsorption data were collected usingi a Quantachrome Autosorb Automated
Adsorption System (version 2.30). Mercury porosimetry data were collected using a

Micrometritics Autoporé 9220. Prior to analysis, samples were degéssed overnight at 100

°C. The nitrogen adsorption and mercury porosimetry analyses were conducted by Don

Yandle at Phillips,‘Petroleum Research Facility located in Bartlesville, OK.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Infrared data were collected using a Nicolet Magna 750 Fourier transform infrared

spectrometer (FTIR) For characterization of cation exchange sites, unexchanged and
cation exchangéd Amberlyst 15 resin samples were d‘ried‘in air at 110 °C overnight, mixed
with 0ven dry KBr (10%), and analyzed directly using a Spectra Tech diffuse reflectance
accessory (DRIFTS). vIn addition, selected samples were also dried in vacuo at 120 °C
overnight and analyzed uéing DRIFTS. For characterization of ethylene adsorption on
cation exchaﬁged Ambeﬂyst 15 resin, the resin sample was dried in vacuo at 120 °C for 12

h and analyzed in a Spectra Tech high temperature environmental chamber (HTEC). The
HTEC, illustrated in Figure 4, allowed in-situ infrared analysis of the cation exchanged

Amberlyst 15 resin in an inert (N, gas) or ethylene environment.
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10 } — 1

Figure 4. High temperature environmental chamber. 1. Water in. 2. Gas in. 3. IR beam.
4. Sample. 5. HTEC. 6. DRIFTS base. 7. Detector. 8. Mirrors. 9. Gas out. 10. Water

out.

- All DRIFTS spectra were obtained using 256 scans at 4 ¢m! resolution, a 4000-400
cm’ spectral width, and Kubella Munk pro‘c>essing. GRAMS32° software was used for
spectral subtraction. Prior to ahalyses, all vunexch‘anged and cation exchanged Amberlyst

15 resin samples were ground in a Wiggle Bug to improve spectral resolution. TGA
measurements confirmed that the adsorption capacities of the unexchanged and cation

exchanged Amberlyst 15 resins were not effected by grinding.

Nuclear Magnetic Resonance Spectroscopy

Solid state single pulse 'H MAS NMR spectra and *C CP-MAS NMR spectra of
the unexchanged and cation exchanged Amberlyst 15 resins were collected using a

Chemagnetics 300 MHz solid state NMR spectrometer. Single pulse 'H spectra were

collected using 256 acquisitions, a 6.0 us pulse width, and a 1.0 s pulse delay. "C CP-
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MAS NMR spectra were collected usihg 64,800 acquisitions, a 3.9 us pulse width, a 1.0
ms contact time, and a 1.0 s pulse delay. In all analyses, the pulse width was maximized to
90°, and magic énglé spinning was carried out in 5 mm zirconia rotors spinning at 2-5

kHz. Before packing, samples were ground in a Wiggle Bug. All spectra were referenced
to tetramethylsilane (TMS),
'H and C NMR spectra of the model compounds were collected using a Varian

300 MHz liquid NMR spectrometer. 'H NMR spectra were collected using 16 acquisitions

and a 3.0 um pulsé width. All liquid '"H NMR spectra were referenced to TMS. Due to

poor intensity, the *C NMR spectrum of silver trifluoroacetate was collected using 3600
acquisitiohs and a 3.0 ps pulse width. “C NMR spectra.of the model compounds were

collected using 112 acquisitions and a 3.8 ps pulse width. All liquid >C NMR spectra

were referenced to acetonitrile at 1.3 ppm (Kegley and Pinhas, 1986).

Model CompOunds

p-Toluenesulfonic acid, 4-styrenesulfonic acid sodium salt, silver trifluoroacetate,
acetonitrile—d;, and deuterium oxide were purchased from Aldrich. All chemicals were

used as received. For 'H and “C NMR analyses, 100 mg of each compound was

dissolved separately in 500 Ll of an 80% acetonitrile-d,/20% deuterium oxide mixture.

After NMR spectra were collected, 100 pl of the silver trifluoroacetate mixture was added

to each of the test samples and NMR analyses were repeated.
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CHAPTER III

CHARACTERIZATION OF UNEXCHANGED
AND Ag(I) EXCHANGED AMBERLYST
15 RESINS

Summary

In Chapter III; nitrogen adsorpti.on data, mercury porosimetry data, scanning
electron micrbscopy (SEM) images, energy dispersive x-ray adsorption spectroscopy -
(EDXAS) profiles, nuclear magnetié resonance:spectroscopy (NMR) spectra, and diffuse
reflectance infrared fourier transform spectroscop'y (DRIFTS) spectra, collected on
unexchanged and Ag(I) exchanged Amberlyst 15 resins, are presented and discussed. In
agreement with previous reports; the DRIFTS and NMR spectra indicate; (1) the sulfonate
groups are the active sites fof Ag(I)'exchangé on‘th_e Amberlyst 15 resin; (2) the hydration
structure of the Amberlyst 15 resin is reorganized by Ag(l) exchange; and (3) the
Amberlyst 15 resins contain a significant quantity of moisture. The nitrogen adsdrption
data, mercury porosimetry data,‘and SEM images suggest that the physical structure of the
Amberlyst 15 resin isk not rnbdiﬁed by Ag(I) exchange. The EDXAS profiles indicate that

Ag(I) is homogeneously dispersed within the Amberlyst 15 resin bead.
Background

Ion Exchange-v

History of Ion Exchange. lon exchange, defined by Wheaton and Hatch (1969), is
the reversible exchange of ions between solids and liquids in which there is no substantial
change in the structure. A general ion exchange is illustrated in equation 28.

+H-Y ()

(28) metal-Y ,., + H-resin ; ——» metal-resin
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Ion exchange was first recognized by H. S. Thompson (1850) after observing that soil
treated with ammonium sulfate liberated calcium sulfate. Way (1850) attributed this
observation to ion exchange involving complex silicates present in the soil. Ion exchange
was first employed by Harm (1896) to remove sodium and potassium from sugar beet
juice. The first industrial scale applieation of cation exchange for water softening and sugar -
treatment was developed by Gans (1905). |
Unfortunately, the inorganic ion exchange compounds_Were not acid resistant and
thus could not be used in reactions containing hydrogen ion. After the development of
synthetic resins by Holmes anci Adams (1935) and the first pelystyrene resin by D’ Alelio
(1944), ion exchange applications grew rapidly since the resins were rﬁore stable.
Synthetic resins are ameng the most importaht ion ’exchange materials (Albright and

Yarnell, 1987).

Preparatioh of 1on E}ichange Reéins. Ion exchﬁnge resins are commercially
prepared by suspension copolymerization of styrene with varying arnoﬁnts of crosslinking
divinylbenzene (DVB) (Tooper and Wirth, 1956). Depending on the reaction conditions
(i.e. DVB eontent, solution r_nixture; reacter ’design, and dispersion agents), spherical
particles with varying por'e‘sizes and stabilities are produced. The ion exchange
functionalities are introduced into the aromatic system by typical organic aromatic
substitution reactions: sulfonation (Kressman and Tye, 1955), phosphenatioh
(Alexandratos et al., 1985), phosphmatlon (Abrams 1958) chloromethylatlon (Olah et al., |
1976), or aminomethylation (Corte and Netz, 1966 Wuchter 1974)

Classification of Ion Exchange Resins. ‘Aceording to Albright and Yarnell (1987),
ion exchange resins.are clasSiﬁed accerding to their functionalities (i.e. cation exchange
resin or anion exchange resin) and properties (i.e. regeneration, leakage, exhaustion, ion
exchange capacity, selectivity, moisture retention, density, particle size, porosity, swelling,

and stability). The most critical property, according to Albright and Yarnell (1987), is the
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exchange capacity. -Exchange capacity is defined as the number of exchangeable sites per
unit mass or volume of resin. Kitchener (1957) has explained that the exchange capacity
relies on the positidn of the equilibrium of ions in solution. The position of the equilibrium
depends on the relative concentrations of the ions in solution and on the resin. Using'the.
law of mass action, Kitchener (1957) defined t_hé selectivity coefficient (K, ) of cation

exchange resin for ion B* in equation 29, where subscript rdenotes ions bound to the resin.

[5]4°]

(29) | | ‘ Kab = [
2]
Using this principle, selectivities of 8-10% DVB sulfonated polystyrene resins for specific
g princip ! : 1%

metal ions were reported and are listed in Table 6.

Table 6. Selectivity Coefﬁcients‘of Sulfonated Polystyrene (8-10%

divinylbenzene) Resin®

ion A ion B 1K,
T LT , 108
T Na® IR 115
T K 13
iy T NH, , | 3
[T Ag 18
s —|TT | 24
Na' K 1.8
T [ Ca® 42
I T 33

8 Kitchener, 1957.

Structure and Pronérties of the_A_mberlvst 15 R'es"in‘v

The ion exchange resin in this study is a sulfbnated polystyrene resin crosslinked
with 20% divinylbenzéne (Albright and Yarnell, 1987). The resin is commercially
produced by Rohm and Haas and goes by the commercial name of Amberlyst 15. The
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structure of the Amberlyst 15 resin is represented in Figure 5, and the physical properties
of the Amberlyst 15 resin, as reported by Rohm and Haas, are listed in Table 7 (Pitochelli,

1980).

CH— CH;— CH— CHz}
n

@som X SOH

FcH—CcH— cH—cHF
n

SO,H

Figure 5. Structure of Amberlyst 15 resin.

Table 7. Physical Properties of Amberlyst 15 Resin®

exchange capacity, meq/g 4.7
divinylbenzene, % - 20
bead size, mm 500
surface Area, m“/g v 55
pore Volﬁme, mbL ' 0.35
temperature stability, °C 120

?Pitochelli, 1980.

The classical sites for ion exchange on thevsvul:fovnat‘ed polyStyreneldivinylbenzene resins are
the sulfonatevgroups (Albright and Yarnell, ’1987). Quantitative studies, based on a
statistical distribution, havc indicated an average of one sulfoﬂatc group per phenyl ring

(Albright and Yarnell, 1989).
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Structural Studies of Sulfonated Polystyrene-Divinylbenzene Resins

Dixit and Yadav (1996) have used nitrogen adsorption (BET analysis), mercury
porosimetry, and SEM to investigate deactivation of Amberlyst 15 resin during alkylation
of xylene. The data indicated that the pore size and surface area of the resin decreased and
pore cavities became blocked during the reac‘tion. Based on these results, the authors
concluded that the activity of the Amberlyst 15 resin was réduced because reaction b.y-‘
products blocked access to the active sites. Dixit and Yadav’s (1996) nitrogen adsorption
and mercury porosimetry results, coll‘ected on the untreated Amberlyst 15 resin, are

- presented in Table 8.

Table 8. Mercury Porosimetry and Nitrogen Adsorption Results Collected on
Amberlyst 15 Resin®

pore mean pore | bulk skeletal porosity, % BET
volume, size, nm density, density, ‘ surface
mlJ/g ' g/mL g/mL area, m*/g
0.34 17 0.99 1.5 34 45

*Dixit and Yadav, 1996.

Burford et al. (1994) have used EDXAS to characterize sulfonic acid dispersion in
polystyrene-divinylbenzene (DVB) membranes. The top surfaces of four different
membranes, containing vairying degrees of DVB, were analyzed after an 8 h treatment with
sulfuric acid. EDXAS data demonstrated the following; (1) the highest levels of sulfur
occurréd at the top surface, with reduced levels at lower surfaces and 2), the amount of

sulfur incorporated into the membrane increased with increasing DVB content.

'H NMR Studies of Sulfonated Polystyrene-Divinylbenzene Resins

Sulfonated polystyrene-divinylbenzene resins swollen in water have been
characterized by '"H NMR (Gordon, 1962; Smith et al., 1996) and '"H MAS NMR (Smith et

at., 1996). In the 'H NMR solution spectrum of sulfonated polystyrene-divinylbenzene
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resin, a resonance at 4.7 ppm was attributed to external water and a downfield resonance to
that of internal (adsorbed) water (Gordon, 1962). In 'H MAS NMR studies, Smith et al.
(1996) demonstrated that the external water peak was removed by MAS and the internal
(adsorbed) water fesonance was governed by the degree of divinylbenzene (DVB)
crosslinking and the acidic character of the sulfonafe groups. Decreasing the DVB cbntent
caused the internal (adso;rbed)water resonance to shift upfield. Titration experiments with
NaOH, which were assumed‘to remove the acidic proton, indicated that the internal

(adsorbed) water resonance shifted upfield with increasing pH.

3C NMR Studies of Polystyrene-Divinylbenzene Resins

Ford et al. (1989a, 1989b) studied macropbrous polystyrene-diVinylbenzene (DVB)
resins by *C CP'-MAS}NMR. In the study, resins with vinyl "C labeled DVB groups were

polymerized in suspension using 2,2”—azobisisobutyronitrile‘(AIBN) as initiator. After .
heating the polymers to 135-155 °C, the 3C CP-MAS NMR spectra indicated that resins

with greater than 1% DVB contained unpolytnerized Vinyll groups characterized by
resonances at 137 ppm-and 109 ppm. In the‘stuvdy, commercially available XAD-1, XAD-
2, and XAD-4 resins (Rhom and Haas) were also characterized. The XAD-1, XAD-2, and |
XAD-4 resins contained 20%, 50%, and 80% DVB respectively. Similar to Sherringtoﬁ,
the ®C CP-MAS NMR spectra of the 50% and 80% DVB resiris had residuél vinyl
resdngnces at 137 ppm and 109 ppm as well as the ethy‘l-aromatic resonances at 12 ppm
and 26 ppm. In the spectrum ‘c‘)f the 10% DVB, only a very We'ak 137 ppm reso_némée was
observed. No data were reported on the XAD-1 resin. '

Sherrington et al. »(1995) have investigated bbth gel and macroporous commercially
available polystyrene—divinylbehzené (DVB) resins by solid state *C CP-MAS NMR. In
the stﬁdy, the gels contained 0.5% DVB and 3.5% 6f DVB and the macroporous resins
contained 3.5% DVB and 7.5% of DVB. In the *C CP-MAS NMR spectrum of the 7.5%

DVB macroporous resin, resonances at 37-55 ppm were attributed to the aliphatic CHand
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CH, carbons of the polymer backbone. The resonance at 127 ppm was assigned to the
protonated carbons of the benzene ring, and the resonaﬁce at 147 ppm was assigned to the
quaternary carbon connected to the backbone. While not observed in C CP-MAS NMR |
spectrum of the macroporous resins, a very Weak resonance at 137 ppm appeared in the *C
CP-MAS NMR spectrum of 3.5% gel. In agrée;ment with Ford et al. (1989a, 1989b), the
137 ppm resonancé of 'fhe 3.5% gel wasv a;signed to unpolyrnefized vinyl groups of DVB.

Sherrington et al. (1997) have also conducted solid C CP-MAS NMR studies of
highly crosslinked (35-55%) polystyrene—divinylbenzene (DVB) resins. In addition to the
peaks charécterized in the earlier study (1995), resonances at 112.4,29.7, and 14.5 ppm
were observed in the °C CP-MAS NMR spectrum of the resins. In agreement with Ford
et al. (1989a, 1989b), the 112.4 ppfn resonance was assigned to the methylene carbons of
unreacted DVB vinyl groups, while the 29.7 and 14.5 ppm resonances were assigned to
ethyl-aromatic residues. | | |

A compiled list of ">C resonances of polystyrene-divinylbenzene resins from the

C CP-MAS NMR studies are provided in Table 9.

Table 9. Carbon Resonance Assignrﬁents of

Polystyrene-Divinylbenzene Resin™

carbon moiety resonance, ppm
Ar-CH, -CH, Backbone 37-55

C,-CH Phenyl —| 145-148
C,-H Phenyl 126-129
C.-S Phenyl 135-138
Ar-CH=CH, | VimyI 135-138
Ar-CH=CH, | Vinyl T12-109
Ar-CH,CH,  |Ethyl | 2926
Ar-CH,CH, Ethyl 12-17

Ford et al.; 1989a, 1989b.
®Sherrington et al., 1995, 1997.
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Infrared Spectroscopy Studies of Polystyrene-Divinylbenzene Resins and Sulfonated
Polystyrene Resins

Zundel (1969) has published a complete review on the characterization of
polystyrenesulfonic acids and their metal salts by infrared spectroscopy. Baxﬁtholivn et al.
(1981) have studied styrene-divinylbenzene (DVB) co-polymer by infrared, and Bazuin
and Fan (1995) have repo_rted an infrared study on sulfonated polystyrene ionomers.
Compiled lists of the infrared band assignments are presented in Tables 10 and 11; detailed
discussions of band changes which occur due to cation exchange and water of hydration

follow.
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Table 10. Infrared Band Assignments of Polystyrenesulfonic Acid and

its Salts*"*

vibration moiety band, cm™
“O-H stretch Water | 3700-2500
“CHsuech Phenyl ~ | 3065, 3030
-C-H anti, sym stretches - | Backbone | 2928, 2856
H-O-H scissor E Water 1690-1640
-C-H skeleton Phenyl 1601, 1495, 1413
-C-H scissor ; Backbone | 1451

-S=0 antisym. stretch -SO,H 1350

-S-O antisym. Stretch -SO; 1200 (split)
"S=0 sym. stretch SOH | 1172

“5-0 sym. stretch _ S0, 1134

-C-H in-plane skeleton | Phenyl | 1128

-C-H in-plane skeleton Phenyl 1097

-S-O sym. stretch -SO, 1034
“C-Hinplancbend | Phenyl | 1011-1001
-S-O stretch | -SO,H 907

-C-H out-of-plane bend | Phenyl | 838

-C-H out-of-plane bend | Phenyl 177

-C-C ring vibration Phenyl 671

?Zundel, 1969.
®Bazuin and Fan, 1995.
°Burford et al. 1994.
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Table 11. Infrared Band Assignments of Polystyrene-Divinylbenzene

Resin’ _

vibration moiety band, cm™
C=C Vinyl T680-1630
HOH | Water T600-1602
C-C, -C-H | Phenyl 1600-1602
C-C T Phenyl 1510

C-C Phenyl 1492
-C-C Phenyl 1484-1488"
-C-C. Phenyl 1451

C-C Phenyl 1443
cH Viny] 11410
WMz Phenyl 1026
=CH | Phenyl | 1015-1018

[=cH Vinyl 990-985
“C-H Phenyl 905
CH Phenyl | 838, 830
CH Phenyl 795-197
-C-H | Phenyl 760

®Bartholin et al., 1981.
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Zundel (1969) and Bazuin and Fan (1995) have assigned two bands at 1172 cm™
and 1350 em™ to the symmetric and antisymmetric stretching vibrations of the S=O bonds
with double bond character. A band at 900 cm™ was assigned to the stretching vibration of
the S-O bond with single bond character. Upon removal of the acidic proton, the intensity
of the 900 cm’ band was observed to decrease dramatically, due to the elimination of the S-
O single bond character. The intensities of the ‘1350 cm’and 1172 crr‘rl bands, which ére
masked by overlapping polystyrene bands and sulfonate anion band, decreased as well.

Changes related to the antisymmetric and symmetric -Vibr‘ations of the polystyrene
sulfonate anion aﬁd its interactidriwifhy metal cation were also observed. Accorditig to
Zundel (1969_) éfnd Bazuin and Fan (1995),}, the s’ﬁlfonate’ anion, having C,, symmetry, is
double degenerate; hence, it has ohly one band centered at 1200 cm’. Iﬁteraction of the
sulfonate anion with the electrostatic field of a'metal cation 'chan‘ges the Sulfonatc group to
Cs symmetry, causing fhe 1200 cm’ peak to split. After studying a series of different
cations, Zundel (1969) noted that cations having stronger electrostatic fields increased the
amount of the splifting. The split was observed to increase with drying, dﬁe to the removal
of waters of hydration. |

Zundel (1969) observed that thé exact position of these water bands as well as the
sulfonic acid bands; sulfonate anion bands, and selected polystyrene bahds depended on
the degree of hydration and the metal cation. These observations were explained using the

series of structures shown in Figures 6, 7, and 8.
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Figure 6. Proposed structure of hydrated polystyrenesulfonic acid.
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Figure 7. Proposed structure of thoroughly dried polystyreflesulfohic acid.
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Figure 8. Proposed structure of cation exchénged polyétyrenesulfonic acid.

At increased degrees of hydration, Zundel (1969) s,uggested that the protons are
removed from the anions, forming hydrate structures (i.e. H;O," and/or H,O," species),
with hydrogen ’bridged to surrounding anions. The hydrate stmctures, illustrated in Figure
6, were characterized by a continuous »arid very broad OH Vibrationall stfetch ranging from
3700-2000 cm™ and an infense scissor vibration of water at 1690-1640 cm'.

Zundel (1969) suggested that the acid groups in the thoroughly dried
polystyrenesulfonic acid are Hydrogen bridged as illustrated in Figure 7. Zundel (1969)
assigned bands at 2950 cm“ and 2405 cm’! to the vibrational stretch of the bridging OH
groups. Zundel (1969) suggCSted that fbfma’tiori of the:bridgc weakens the OH bond
strength, causing the OH vibrations to shift to lower wavenumber.
| In the salts of polystyrenesulfonié acid, Zundel (1969) suggested that the cations
were bound to surroimding aniohs_ by water bridges, as (iepicted in Figure 8. Zundel
(1969) demonstrated that as the electrostatic field v(based on size and charge) of the cation
increased, the OH vibrations shifted to lower wavenumber as the strength of the OH bond

was reduced. Shifts of the OH stretching vibrations to higher wavenumber werevobvserved
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at higher degrees of hydration, suggesting that excess water reduced the electrostatic
strength of the cation and strengthened the OH bond.

Zundel (1969) reported corresponding wavenumber shifts for SO, anion and
phenyl ring vibrations. The amount of splitting of the SO3' anion vibration at 1200 em’!
was observed to decrease with increasing hydration. The intensities of the in-plane C-H
vibrations of the phenyl ring at 1128 cm and 1097 cm were observed to increase and
decrease with hydration. The in-plane C-H bending vibrations of the ring at 1011 cm™

~were observed to shift to 1001 cm’t With hydration. To explain these observations, Zundel
(1969) postulated that larger amounts of water reduced the electrostatic strength of the
cation, making OH bonds stronger. This, in turn, reduced the perturbation of the SO,
anion, affecting the splitting of the 1200 cm-'lv band and the intensities and positions of SO,
bands coupled to vibrationsv of the phenyl ring.

In an infrared study on the sulfonation of polystyrene-divinylbenzene (DVB)
membranes, Burford et al. (1994) attributed a band at 1680 cm™ to the C=C stretch of the
unpolymerized vinyl group of DVB. Other researchers (Ford, 1989; Sherrington, 1995,
1997) have assigned an infrared band at 1630 cm’ to the unpolymerized vinyl grohps of
DVB. Burford also demonstrated; (1) Memhranes with higher degrees of crosslinking
have more sulfonate groups and higher exchange capacities; (2) Increasing DVB content
reduced the swelling ability of the membrane, and (3) Hydrophilicity of the membranes

increased as the number of sulfonate groups increased.

Raman Spectroscopy Studies of Sulfonated Polystyrene-Diviny1benzene Resin

Vickers et al. (1995)‘situdied cation exchanged pelystyrene—di\}inylbenzene resins
(Dowex 50W-X16) by Raman spectroscopy. Changes in the snlfonic acid vibrations and

ring vibrations were observed after cation exchange, as summarized in Table 12.
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Table 12. Effects of Cation Exchange on Raman Bands of

Sulfonated Polystyrene-Divinylbenzene Resin®

cation sulfonate band, cm™ ring band, cm™
T 1261 | 1598.6
Na 11304 1599.9
NH, | 11240 1598.0
1§ 11277 15993
As 1227 15969
Mg” T131.1 15992
Ca> T131.0 1599.0
S 1129.6 15991
Ba” 1277 15978
T~ 11304 1598.6
Average | 11282 15983
Range 9.2 3.0

“Vickers er al. 1995.

Even though the si:;_ect;a were of low resolution, Vickers et al. (1995) stated that the
changes of the sulfonate features in the 1000-1200 cm™' region could be used to identify the
cation. Since bands associated with the ring features were unaffected by cation exchange, -
the authors sugge‘sted that the ring bands could bé used as internal standards for |

quantitative analysis‘.
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Experimental Results

‘Nitrogen Adsorption and Mercurv Porosimetry Results

Nitrogen adsorption data and mercury porosimetry data, collected on unexchanged,
7% exchanged, and 61% Ag(I) exchanged Amberlyst 15 resins, are presented in Tables 13

and 14 respectfully énd’ are in agreement with previous reports (Dixit and Yadav, 1996;

Pitochelli, 1980).

Table 13. Nitrogen Adsorption Results Collected on Unexchanged, 7%
Exchanged, and 61% Ag(I) Exchanged Amberlyst 15 Resins

property resin | 7% Ag(l) 61% Ag(l) weight célrected
exchanged 15 | exchanged 15 | 61% Ag(I)
| resin | resin | ‘| exchanged 15 resin
BET surface | 38.4 | 38.6 79.22 380
area, m¥g ’ , » |
pore volume, 030 030 0.22 0.29
ml/g ‘
avg. pore 16 16 15 15
size, nm '

Table 14. Mercury Porosimetry Results Collected on Unexchanged, 7% Exchanged,

and 61% Ag(I) Exchanged Amberlyst 15 Resins

property resin | 7% Ag) 61% Ag(l) weight corrected 61%
exchanged exchanged 15 | Ag(I) exchanged 15
15 resin resin resin

fotal fmtrusion 034 [034 0.27 1035

volume, ml/g |

median pore radius, | 11 13 13 13

nm |

bulk density, g/ml | 1.0 [ 1.0 3 10

skeletal density, 1.5 1.5 2.0 1.6

g/ml

porosity, % 33 34 35 35
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For compaﬁson, the 61% Ag(I) exchanged Amberlyst 15 resin data was weight corrected
based on the elemental analysis results to reflect the increase in sample weight after Ag(l)
exchange. The surface areas of the resins ranged from 38 to 39 m*/g. The pore size and
pore volume of the resins ranged from 16 to 11 nm (mesoporous) and 0.30 to 0.35 mL/g,

respectfully. Porosity of the resins ranged from 33 to 35>%.

SEM Images

_ SEM,ifhagcs of the surface and inner ébré of the unexchanged Amberlyst 15 resin
are presented in Figures 9 and 1'0 . SEM images of the surface and ihncr core of the 7%
Ag(I) exchanged Amberlyst 15 resin are presented in Figures 11 and 12. The SEi\/I images
of the surface and inner core of ‘the 61% Ag(I) exchanged Amberlyst 15 resin are presented
in Figures 13 and 14. The surface irﬁagcs of the resin samplés (5 micron resolution) show
residual dust particles and grain boundaries. The inner core images of the resin samples
(500 nm resolution) show a porous network of intérwovcn polymer. In conclusion, the

SEM show no change in appearénc'c of the Ainberlyst 15 resin after Ag(I) exchange.
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Figure 9. SEM surface image of unexchanged Amberlyst 15 resin.

Figure 10. SEM inner core image of unexchanged Amberlyst 15 resin.
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Figure 12. SEM inner core image of 7% Ag(I) exchanged 15 resin.

58



EHT= 20.0 KV WD= 3

"

Wl < R |
s & - & {} '.*!f ?\"’.c. P ‘ wt :.‘.‘i:‘ 12 ] » ¥ -1

Figure 14. SEM inner core image of 61% Ag(I) exchanged Amberlyst 15 resin.
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EDXAS Profiles

EDXAS profiles were taken of three different areas (e.g. surface, inner surface and
inner core) of the unexchanged, 7% Ag(I) exchanged, and 61% Ag(I) exchanged
Amberlyst 15 resin beads to iﬁvestigate Ag(I) dispersion. The profiles of the unexchanged
Amberlyst 15 resin are presentéd in Figures 15, 16, and 17; the profiles of the 7% Ag(I)
exchanged Amberlyst 15 resin dre presénted ianigures 18, 19, and 20; and the proﬁles of
the 61% Ag(I) exéhanged Amberlyst 15 resins are presented in Figures 21, 22,23. In the
profiles of the unexchanged Amberl‘yst 15 resin,’ bands representative of carbon, sulfur and
oxygen are preéent. In additi{on‘ to carbon; oxygen, and sﬁlfur, the profiles of the 7% and
61% Ag(l) exchanged‘Ambe‘rlyst‘ 15 resins show bénds of equal intensity that represent

Ag(I) in the three regions of the Amberlyst 15> beads.
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Figure 15. EDXAS surface profile of unexchanged Amberlyst 15 resin.
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Figure 16. EDXAS inner surface profile of unexchanged Amberlyst 15 resin.
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Figure 17. EDXAS inner core profile of unexchanged Amberlyst 15 resin.
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Figure 18. EDXAS surface profile of 7% Ag(I) exchanged Amberlyst 15 resin.
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Figure 19. EDXAS inner surface profile of 7% Ag(l) exchanged Amberlyst 15 resin.

65



Live: 120s Preset: 120s Remaining:
Real: 129%9s 7% Dead

K—RAY: 0 - 20 kel Window : ATH

Os

lli
il
i

< .0 2,603 ke = 5.2 >
FS=127 ch 140= 0 cts
MEM1: James Graham LLSE-Inner Core

Figure 20. EDXAS inner core profile of 7% Ag(I) exchanged Amberlyst 15 resin.
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Figure 21. EDXAS surface profile of 61% Ag(I) exchanged Amberlyst 15 resin.
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Figure 22. EDXAS inner surface profile of 61% Ag(I) exchanged Amberlyst 15 resin.
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Figure 23. EDXAS inner core profile of 61% Ag(I) exchanged Amberlyst 15 resin.
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'"H MAS NMR Spectra

The 'H single pulse MAS NMR spectrum of the unexchanged Amberlyst 15 resin is
presented in Figufe 24. In the spectrum, a broad resonance is observed downfield at 9.9
ppm. In agreement with Gordon (1962) and Smith et al. (1996), the 9.9 ppm rcsonaﬁce is
attributed to adsorbed water in the resin. The 1H single pulse MAS NMR spectra of the 7
to 61% Ag(l) exchanged Amberlyst 15 resins are presented in"Figures 25 to 30. The broad

'H resonances in the spectra are also attributed to adsorbed water in the Amberlyst 15 resin.
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Figure 24. 'H MAS NMR spectrum of unexchanged Amberlyst 15 resin.
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Figure 25. '"H MAS NMR spectrum of 7% Ag(I) exchanged Amberlyst 15 resin.
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Figure 26. 'H MAS NMR spectrum of 16% Ag(I) exchanged Amberlyst 15 resin.
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Figure 27. 'HMAS NMR spectrum of 19.6% Ag(I) exchanged Amberlyst 15 resin.
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‘Figure 28. 'H MAS NMR spectrum of 29% Ag(l) exchanged Amberlyst 15 resin.
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Figure 29. 'H MAS NMR spectrum of 42.6% Ag(l) exchanged Amberlyst 15 resin.
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Figure 30. 'H MAS NMR spectrum of 61% Ag(I) exchanged Amberlyst 15 resin.
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'3C CP-MAS NMR Spectra

The “C CP-MAS NMR spectrum of the unexchanged Amberlyst 15 resin is
presented in Figure 31. Resonances, differentiated by MAS spinning at 2,3 and 4 kHz, are
observed at 147, 137, 127, 40, 27, and 14 ppm and spinning side bands are noted with
asterisks. Based on previdus assignments.(Ford et al., 1989a, 1989b; Sherrington et al.,
1996, 1997), the 147 ppm resonance is assigned to the quaternary carbon of the phenyl
ring; the 127 ppm resonance is assigned to fhe CH groups of the phenyl ﬁhg; and the 40
ppm resonance is assigned to the aliphatic carbons of the polymer backbone. The 137 ppm
resonance, which may. overlap'limpolymeﬂzed vinyl groups, is assigned to the sulfonated
phenyl carbori. The 27 and 14 pprﬁ resonances are assigned to ethyl-aromatic résidues
which overlap 2nd order spinning sidebands.

The *C CP-MAS NMR spectrum of the 7% exchanged and 61% Ag(I) exchanged
Amberlyst 15 resins are presented in Figures'32"and 33. In the spectra, resonances at 147,
137, 127, 40, 27, énd 14 ppm are observed. These resonances coincide with resonances

observed in the *CP-MAS NMR spectrum of the unexchanged Amberlyst 15 resin.
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Figuré 31. BC CP-MAS NMR spectrum of unexchanged Amberlyst 15 resin.

79



L
?ﬁo

LA
.15Q

T

i

Figure 32. °C CP-MAS NMR spectrum of 7% Ag(I) exchanged Amberlyst 15 resin.
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Figure 33. °C CP-MAS NMR spectrum of 61% Ag(I) exchanged Amberlyst 15 resin.
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DRIFTS Spectra

The DRIFTS spectrum of the 110 °C air dried unexchanged Amberlyst 15 resin and

the DRIFTS spectrum of the 120 °C vacuo dried unexchanged Amberlyst 15 resin are

presented in Figures 34 and 35 'respectfllllly, and band assignments are based on previous
reports (Zundel, 1969; Bartholin et al., 1981; Bazuin ahd Fan; 1995). In both spectra,
intense bands atk 900 cm and 1350 cm are assigned to the S-O vibrational stretch and

S=0 antisymmetrical stretch of the sulfonic acid respectfully. The bands of polystyrene-

divinylbenzéné, listed in Tabvlé; 11, are o:bservedv. In the spectrum of the 110 °C dried

sample, a broad 1690-1640 cm™' band and continuous 2500-3600 cm’ band, assigned
respectfully to the scissor vibration and OH stretch of water, are observed. Iﬂ'addition, a
band at 1128 cm’, assigned to the in—plane vibration of the phenyl ring, is observed. In the

spectrum of the 120 °C vacuo dried sample, the 2000-3600 cm™ band of water is still

observed; however, the i’ntensityvof the 1690—1640 cm’ band of water is reduced, and a
band at 2209 cm’, assigned to the OH stretch_ of the hydrogen bridge, is resolved. In both
spectra, the band, assigned to the in-plane bending vibration of the phenyl ring, is observed

at 1006 cm™.

The DRIFTS spectrum of the 110 °C air dried 61% Ag(I) exchanged Amberlyst 15

resin and the DRIFTS spectrum of 120 °C vacuo dried 61% Ag(I) exchanged Amberlyst 15

resin are .presented in Figures 36 and 37 respectfully, and band assignments are based on
previous reports (Zundel, 1969‘; Baﬁholin et al., 1981; Bazuih and Fan, 1995). In both |
spectra, unchaﬁged bands of polystyrene-divinylbeﬂzene are observed. A strong band,
centered at 1200 cm™ (i.e. split at 1215 cm™ and 1185 cm™), which is assigned to the S-O
symmetric stretch of the sulfonate anion, and a band at 1006 cm’’, which is assigned to the -

in-plane bending vibration of the phenyl ring, are also observed. In the spectrum of the
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110 °C air dried sample, the band, assigned to the in-plane skeleton vibration of the phenyl

ring, is observed at 1126 cm™ and is overlapped by the intense sulfonate anion band at

1200 cm’. In the spectrum of the 120 °C vacuo dried sample, the intensity of the 1126 cm’

1'b‘and is reduced and overlapped by the sulfonate anion band, and the intensities of the

3420 cm™ and 1640 cm bands of water are reduced.

The DRIFTS spectra of the 110 °C dried unexchanged and 0'to 61% Ag(I)

exchanged Amberlyst 15 resins are ovérl}ayed in Figures 38, 39, and 40, and band
assignments are based on previous reports (Zundel, 1969; Bartholiﬁ et al., 1981; Bazuin
and Fan, 1995). The spectra are characterized by intensity shifts of the 900 cm™ and 1350
cm’ bands of vsulforni'c acid, the 1200 fém“ band of ‘the sulfonate arﬁoﬁ, and the 1640-1690
cm! and 2500-3600 cm” bands of Wéter. In t‘he'se‘ries of spectra,vtvhe band assigned to in-
plane vibration of the phenyl ring. is (‘)bservked\at 1126 cm“,'a‘nd the band assignéd to the

bend of the phenyl ring is observed at 1006 cm''.
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Figure 35. DRIFTS spectrum of 120 °C vacuo dried unexchanged Amberlyst 15 resin.
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Figure 36. DRIFTS spectrum of 110 °C air dried 61% Ag(I) exchanged Amberlyst 15

resin.
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Figure 37. DRIFTS spectrum of 120 °C vacuo dried 61% Ag(I) exchanged Amberlyst 15
resin. '
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Discussion

The nitrogen adsorption data, mercury porosimetry data, SEM images and "*C CP-
MAS NMR spectra, collected on the unexchanged, T% Ag() exchanged, and 61% Ag(l)
exchanged Amberlyst 15 resins, indicate that the physical strueture and/or physical
properties of the Amberlyst 15 resin are not modified by Ag(I) exchange. For example, the -
BET analysrs and porosimetry data show no deviation in the surface area, pore volume
pore size, and p0r0s1ty of the Amberlyst 15 resin after Ag(I) exchange. The SEM images of
the resin samples, which were of poor resolution and rnagniﬁc'ation,' show no deviations in
the physical structure after exchange. The 13C CP-MAS NMR spectra of the samples,
revealing no additional resonances and/or shifted resonances efter exchange, indicate that
the carbon backbone of the Amberlyst 15 resin is not affected by Ag(I) exchange. These
results are easily rationalized by the smaller hydration sphere of the hydrated Ag(I) cation
(Bonner and Rhe’tr, 1953). For exarnple, due to the smaller hydration sphere, the Ag(I)
cation easily rnigratesthrough the pore structure of the Amberlyt 15 resin without
modifying the physical properties or blocking the pores of the Amberlyst 15 resin.

The Ag(I) intensities, observed in the EDXAS profiles of the unexchanged and
Ag(I) exchanged Anrberlyst 15 resin samples, indicate that Ag(I) is homogeneously
dispersed throughout the Amberlyst 15 resin bead. For.example, equal intensities of the
Ag(I) peaks were observed for the surface, inner surface, and core of the Ag(I) exchanged
Amberlyst 15 resins. Yasuda et al. (1997), based on EDXAS profiles of Y203 in carbon
fiber, have made similarconclusions about the bdispersion ovfi Y203 wirhin the fiber. This
result is in agreement with the nitrogen adsorption resulfs, mercury porosimetry data, SEM
images, and °C CP-MAS NMR spectra which indicate that Ag(T) cation readily diffuses
through the Amberlyst 15 resin.

The infrared} band changes and 'H resonance shifts observed in the DRIFTS and
'H NMR spectra of the unexchanged and Ag(I) exchanged Amberl_yst 15 resins indicate

that Ag(I) displaces the acidic proton associated with the sulfonic acid. For example, an
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| upfield shift of the adsorbed water resonance was observed in the '"H NMR spectra of the
unexchanged and Ag(l) exchanged Amberlyst 15 resins as Ag(I) loading increased. Smith
et al. (1996), observing similar shifts in the 'H NMR solution spectra of sulfonated
polystyrene divinylbenzerie resins after neutralization with base, have attributed the shift to
removal of the acjdic proton of the sulfonic acid. A gradual-decrease in intensities of the
900 cm™* and 1350 cm’! bands were observed in the DRIFTS spectra of unexchanged and
Ag(I) exchanged Amberlyst 15 reéins as the Ag(l) loadiﬁg increased. Zundel (1969) has
similarly observed these bands of polystyrenesulfonic acid to decrease during ion
exchange, and Bazuin and Fan (1996)»have observed these bands of sﬁlfonated polystyrene
ionomers to decréase after the addition of base. Based on these observations, both authors |
assigned the 900 cm™ and 1350 cm'" bands to the vibrations 0f the sulfonic acid and
attributed the decrease in the band intensities to the displacerneht of the acidic proton of the
sulfonic acid. |

The infrared band changes vovbserved in the DRIFTS spectra of the unexchanged and
Ag(l) exchanged Amberlyst 15 resins indicate that Ag() interacts with the oxygen of the
sulfonate anion. For example, in the DRIFTS spectra of Ag(I) exchanged Amberlyst 15
resins, the intensity of a split band, centered at 1200 Cm‘l,' was observed to increase at
higher Ag(I) loadings. Zundel (1969) has similarly observed this split band at 1‘200’ cm’
during ion Vexchange of polystyrenesulfonic acid. ‘Ba‘s‘ed on these changes, Zun.del
assigned the 1200 cm™ band to the 'symme,tric stretch of the S-O bond of the sulfonate
anion and attributred the split to the intera?:tion of the metal cation with the oxygen of the
sulfonate anion. | ‘

Consistent with Zundel (1969) and Bazuin and Fan (1996), the changes of the
sulfonate bands, characterized in the DRIFTS spectra of the Ag(I) exchanged Amberlyst 15
resins and the shifts of the 'H resonénces observed in the NMR spectra of the Ag(I)
exchanged Amberlyst 15 resins, indicate that the active sites for Ag(I) interaction on the

Amberlyst 15 resin are the sulfonate groups. Even though literature reports have suggested

92



that Ag(I) interacts with the phenyl rings of polystyrene (Donovan and Mowat, 1995)
and/or unpolymerized vinyl groups within the polystyrene divinylbenzene resins, these
spectroscopic studies provide no evidence to support Ag(I) interaction on these alternative
éites.

The infrared bands observed in the DRIFTS spectra of the unexchanged and Ag(I)
exchanged Ambeﬂyst 15 resins indicate that Ag(I) exchange reorganizes thevhydration
structure of the Amberlyst 15 resin. For‘e}cample, very broad water bands at 3600-2500
cm” and 1690-1640 cm'! are observed. As proposed by Zundel (1969), theée broad and
continuous water bands suggest that the Amberlyst 15 resins are hydrated and contain
significant quantities of the hydrogen bonded H,0," and H,0," species. At increased Ag(l)
loadings, the Water bands of the Ag(I) i‘exchénged’ Amberlyst 15 resins are observed to
gradually decrease, and eventually, a flat baseline and an isolated ‘OH bénd of water at 3420
cm’ are observed in the'spéctra of the 61% Ag() eXchanged Amberlyst 15- resin. In accord
with the postulatéd structlires reborted by Zundél (1969), the isolated OH band of water at |
3420 cm’ in the 61% Ag(I) exchanged Amberlyst 15 resin implies that the hydration
structure of the Amberlyst 15is progressively more .organized at higher Ag(I) loadings and
that the structure may consist of wétef molecuies which are bound to Ag(I) cation and

hydrogen bonded to surrounding unexchanged sulfonate groups.

The infrared bands observed in the DRIFTS spectra of the 110 °C air dried and 120

°C vacuo dried unexchanged and 61% Ag(I) exchanged Amberlyst 15 resins indicate that

the Amberly.st 15 resins fetain'signiﬁcant quantities of moisture even after extensive drying.
For example, the 1001 cm band, assigned to the in-plane bend of the phenyl ring and
reported to shift to 1011 cm™ oﬁ drying (Zundel, 1969), is observed at 1006 cm™ in both
spectra. In both the air dried and vacuo dried épectra, OH vibrational bands of water are

observed after extensive drying.
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Conclusion

In agreement with previous reports, the DRIFTS and NMR spectra of the
unexchanged and Ag(I)‘ exchanged Amberlyst 15 resins conclusively indicate; (1) the
sulfonate groups are the active sites for ion exchange on the Amberlyst 15 resin; (2) the
hydration structure of the Amberlyst 15 resin is reorganized by ion exchange;‘ and (3) the
Amberlyst 15 resins contain signiﬁcant quantities of moisture even after extensive drying.
The nitrogen adsorption data, mercury poroéifnetry data, and SEM im_ages,‘ collected on the
unexchanged, 7% exchanged, and 61% exchanged Amberlyst 15 resins, suggest that the
physicai structure nnd physical properties of thekArnberlyst 15 resin are not modified by
.Ag(I) exchange. The EDXAS profiles of the nnexchanged, 1% exchanged, and 61%
exchanged Amberlyst 15 resins indicate that Ag(I):is homogeneously dispersed within the

Amberlyst 15 resin bead.
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CHAPTER IV

ADSORPTION OF ETHYLENE AND ETHANE ON UNEXCHANGED AND Ag(D)
: EXCHANGED AMBERLYST 15 RESINS

Summafy

In Chapter IV, temperature dependent ethylene and ethane adsorption data, collected
on Ag(I) exchanged Amberlyst 15 resins as a function of binary stream corﬁposition and
Ag(I) loading using the TGA and MDA, are reported and discussed. The extent of Ag(l)
exchange on the Amberlyst 15 resins, estimated by wéight analysié and déterrnined by
elemental analysis, are presented. DRIFTS-HTEC spectra, used to characterize the nature
of the interaction between olefin and 61% Ag(i) exchanged Amberlyst 15 resin, are
presented and discussed. When compared with elemental analysis, weight analysis shows
to be highly inaccurate fbr measuring the extent of ion ex_changev'on Arhberlyst 15 resins.
Gas chromatography analysis of CP grade ethane sets precedence for the evaluation of gas
purities in future adsorption studies. When compared with the TGA, the adsdrption results
indicate that the MDA isa comparable »technique which collects adsorption data under
conditions more representative of industrial processes. In agreement with previous
predictions, the adsorption data indicate that ethylene/ethane selectivities of the Ag(I)
exchanged Amberlyst 15 resins dramatically increase as the concentration of ethylene in the
binary stream decreasés. Although unprecedented in the literéture; adsorption data show -
that extremely low Ag(I) loaded Amberlyst 15 resins have surprisingly high olefin
adsorption capacities and olefin/paraffin selectivities. Confradictory to previous infrared
studies and adsorption predictions, the DRIFTS spectra and adsorption data suggest that
ethylene is primarily physisorbed on the Ag() exchanged Amberlyst 15 resin. The
combination of nitrogen adsorption data, mercury porosimetfy data,v EDXAS profiles,

temperature dependent adsorption data collected as a function of Ag(I) loading, and

95



DRIFTS-HTEC spectra suggest that the Ag(I) exchanged Amberlyst 15 resin contain

chemically different adsorption sites.

Background

Ag(I) Exchanged Amberlyst 15 Resins

Employing"ion exchange from aqueous AgNO, solutions, Yang and Kikkinides
(1995) preparedtva 5’1.7% Ag(I) exchanged sulfonated polystyrene divinylbenzene resin
(Amberlyst 15). The extent of Ag(D) exchange on the Amberlyét 15 resin was estimated by
weight gain after exchange. The accuracy “for: determining ion exchange by this proc;edure |
was reported to be within 0.1%. ‘

Y'(ing and Kikkinides (1995) 'colleéted temperature dependent pure component
adsortion and d‘esorption isotherms of ethylén_e and ethane on the 51.7% Ag(I) exchanged
Amberlyst 15 resin by TGA; The isotherm data indicated that the 51.7 Ag(I) exchanged
Amberlyst 15 resin selectivity adsorbs 1.15 mmbl/g of ethylene and 0.125 mmol/g of
ethane, corresponding to an ethylene/Ag(I) mole ratio of 0.4»‘ and an olefin/paraffin
adsorption ratio of 9.2. In additioﬁ, ﬂie heat of ethylene adsorption (10 kcal/mol) was
calculated from the temperature dependent adsorption data. The desorption isotherm
indicated that 10-15% of the ethylene was irreversibly adsorbed on the 51.7 Ag(l)

exchanged Amberlyst 15 resin. The authors reported that the irreversibly adsorbed
ethylene was removed at 100 °C, restoring the adsorption capacity of the 51.7% Ag(I)

- exchanged Amberlyst 15 resin. Finally, Yang and Kikkinides suggested that the olefin
selectivities of the 51.7% Ag(I) exchanged Ambérlyst 15 resins would increase in binary
streams dilute in OIeﬁri; however, binary adsotpti_on and/or binary selectivity data were not

collected.

Based on these adsorption observations and the olefin-metal nt-bond model (Chatt

and Duncanson, 1953; Dewar, 1951), Yang and Kikkinides (1995) attributed the selectivity
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of the 51.7% Ag(I) exchanged Amberlyst 15 resin to chemisorption of ethylene on the
exchanged Ag(l) sites. To support the assertion that ethylene was chemisdrbed on the

Ag(]) sites, Yang: and Kikkinides (1995) performed Extended Huckel Molecular Orbital

(EHMO) calculations on a Ag(I)-olefin m—bond. In the calculations, ethylene was bonded

to the Ag(I) salt of benzenesulfonic acid, the model compound chosen to represent the

resin. Based on the calculations, Yang and Kikkinides concluded that sigma donation

accounted for 84% of the bond where as n-bé'ckbonding accounted for only 16%. In

addition, the calculations yielded a theoretical heat of ethylene adsorption of 29.6

kcal/mole.

AgD) Exchahg ed Amberlyst 35 Resins

Yang et al. (1997) have also prepared Ag(I) exchanged Amberlysf 35 resins having
Ag(I) loadings ranging from 31% to 64% of the éxchange capacity. Ethylene and ethane
adsorption isotherms were collected on the 31 to 64% Ag(D) cxchanged Amberlyst 35

resins at RT, 60 °C, and 1to 1.7 étms by TGA. Adsorption data showed that the a 36.5%

Ag(I) exchanged Amberlyst 35 resin adsorbs 1.48 mmol/g of ethylene on a 36.5% and that
the ethylene adsorption capacities decrease at higher Ag(I) loadings. Yang proposed that

the ethylene adsorption capacities fell at higher lo'adings' becase the additional Ag(D) blocked' |
the pores, preventing access to active sites and reducing oiefin adsorption. The heat of
ethylene adsorption oh the 36.5% Ag(I) e'xchan'gec.l Amberlyst 35 resin (9.35 kcal/mol) was

~ calculated using the temperature dependent adsorption results. The adsorption isotherms |
indicated that the.ethylcne/ethane adsorption ratio was maxirrﬁzed at 7.8 ona 45 % Ag)
exchanged Amberlyst 35 resin. The édsorption iébtheﬁns also established that the
ethylene/Ag(I) mole ratio of the Ag(I) exchanged Amberlyst 35 resins (initially 0.97 at 31%‘

exchange capacity) fell at higher Ag(I) loadings.
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Physical and Chemical Adsorbents

In addition to the Ag(I) exchanged resins, physical (i.e. based on physisorption)
and chemical (i.e. based on ehemisorption) adsorbents have also been investigated for
olefin adsorption. As discussed in Chapter L, the physical adsorbents rely on physisorption
strengths and diffusion rates to separate olefins from paraffins. The physical adsorbents
-~ include zeolites (Shuet' al., 1990; Kulvaranon et al., 1990) éetivated c‘aibon (Ruthven,
1991; Yang, 1987), aetivated alumina (Ruthven, 1991; Yang, 1987), and alkali metal

exchanged zeolites '(Schoeller and Mueller, 1986). The chemical }adserbents, on the other

hand, rely on the formation of olefin-metal 7i-bonds for olefin separation. They include

soluble metal complexes (Blytas, 1990; Keller et al., 1990) and transition metal supported
solids (Yang and Kikkinides, 1995; Yang et al., 1997; Hirai et al., 1985, 1987; Eldridge,
1993). For reference, a thorough review of physical and chemical olefin adsorbents was

provided in Chapter L.

Adsorption as a Function of Metal Loading

Tamon et al. (1996) have iﬁvestigated the adsorption of CO, on activated carbon
impregnated with copper(I) chloride as a function of metal halide loading.b Results
indicated that the adsorption capacity of CO, increased with copper(I) chloride lo:clding.
Piotting the COZ/copper(I)bchloride ratio revealed that the CO,/copper(I) chloride ratio lwas
maximized-at 0.8 on ektremer low‘loaded samples and‘ deereased as copper(I) chloride
was added. The authors'sug-ge,sted that the copper(l) chloride at low loadings was highly
dispersed, resulting in’high COZ/COpper(I) chloride mole ratios. In contrast, at higher
copper(I) chloride 1oading_s, the_. authors pfoposed that the rrﬂxetal.'wae poorly dispersion
resulting in the lower CO,/copper(I) chloride ratios. -

Linlin et al. (1984) have evaluated ethylene adsorption by copper(l) chloﬁde

dispersed on activated alumina. Adsorptien results indicated that the ethylene adsorption"
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capacity (4.95 ml/g) reached a maximum at a sample with a loading ratio of 0.31 g
copper(l) chl‘oride/ g alumina. At higher loadings, the data indicated that the
ethylene/copper(_I) chloride mole ratio (0.19 at lowest copper(I) loading) decreased. The
authors attﬁbuted the decrease in the molé ratio to poor dispersion of the copper(I) chloride
on the alumina surface.

Yang and Cheng (1995) have investigated pillared interlayered clays impregnated

with copper(I) chloride for the separation of ethylene and ethane. Adsorption studies,

conducted at 1 atm and 25 °C in single compohent streams as a function of copper(I)

loading, showed that ethylene adsorptioﬂ capacity was br‘naximized on aclay with a
copper(I) chloride/clay mole ratio of 0.38. In addition, the data indicated that the
ethylene/copper(I) chloride mole ratio (0.38 ét; lowest cdpper(I) loéding) steadily declined
as ’the copper(l) chloride loadings incr’e'aséd. ,}Yar‘lg‘ et al. (1995) attfibuted the reduction in
the mole ratio at hjghef 'loadih'gs to poor dispersion of the copper(I) chloride in the clay -

lattice.

Adsorption Studies Conducted in Binary Streams

Buss (1996) has measured binary adsorption of CO,/methane mixtures on activated

carbon ovef a wide range of compositions at 20 °C. In the studies, the CO,/methane

selectivities of the activated carbon, measured at 0.99 atm, ranged from 3.2 in a 94% -
CO,/6% methane stream to 5.0 in a 9% CO,/91% methai}e stream. 1In the report, Buss
explained that the CO, was the more strongly adsorbed component. Therefore, the CO,,
when in iow conccntration, was preferr‘ed‘ by high-energy active sites, and the sellectivity
- was high. At highér concentrations, the ‘COZ had to compete with the weaker component
(i.e. methane) for energetically weaker active sites, and the selecti;zity dropped.

Mathias et al. (1996) have evaluated the binary adsorption of nitrogen/oxygen

mixtures on 5A zeolite. Adsorption results, collected at 9 atm and 23 °C on the zeolite,
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indicated that the nitrogen/oxygen selectivities increased from 1.8 in nitrogen rich streams
to 3 for compositions rich in oxygen. In agreement with Buss (1996), Mathias et al. also
observed an increase in selectivity as the concentration of the more strongly adsorbed

component (i.e. N,) in the binary stream was reduced.

Infrared Spectroscopy

The infrarc;d bands of ethylene, listed in Table 16, have been reported by Herzberg
(1945) and Busca et al.(1996).

Table 15. Infrared Band Assignménts of Gas Phase Ethylene*”

vibration v band, e ‘ intensity
=CH, anti. sym. stretch | 3105.5 — strong
=CH, combination | 3067

=CH, sym. stretch 2989.5 — strong
=CH, combination 2325 weak
—CH, combination 3047 weak
=CH, combination . | 1889.6 medium
C=C sym. stretch 1625°, inactive strohg
=CH, in-plane wag 1443 | strong
=CH, in-plane wag 1342.4 inactive very strong
=CH, in-plane bend 949 very strong

*Herzberg, 1945.
®Busca et al. 1996.

Activation of the inactive ethy'lené bands at 1625 cm and 1342.4 cm™ have been shown to
indicate formation of olefin-metal 7-bonds. For examplc, Busca et al. (1992) have
reported that the C=C symmetrical stretch of ethylene decreases to 1599 cm™ when bonded
to ZnO. In an organosilver review by Noltes et él. (1970), coordination of the C=C bond
to Ag(l) cation was reported to lower the frequency of the infrared band assigned to the

symmetrical C=C bond stretch by 50-60 cm™. Scott (1972) reported the results of an

infrared study on the interaction between cyclooctadiene and Ag(I)BF,". In the study, the
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infrared spectra indicated that the infrared band assigned to the olefin C=C symmetrical
stretch shifted from 1650 cm™ to 1602 cm™ upon coordination to Ag(I) cation. Nagakura
and Hosoya (1963) have studied the interaction between cyclohexene and AgClO,". The
symmetrical strétch of the infrared band assigned to C=C bond of free cyclohexene was
reported at 1640 cm™. Complexation with Ag(I) was observed to shift the frequency of the

=C band to 1585 cm™. Yates et al. (1966) investigated ethylene adsorbed on Ag(I) zeolite
by infrared analysis. Spectra indicated that the band assigned to the inactive C=C
symmetrical stretching mode of ethylene was activated and shifted to 1580 cm™ upon
complexation With Ag() in the zeolite. The band assigned to the inactive wag of ethyl_ene
at 1342 cm was also activated and reported to shift upfield when cpmplcxed with Ag(I) in
the zeolite. Nagendrappa and Devaprabhakara (1968) have characterized cis,éis—l,S-
cyclononadieﬁe complexes of Si]ver(l) by'infraréd. Infrared spectra established that the
bands assigned to the symmetriéal stretches of the C=C bonds of the diene, which appeared
at 1646 cm™ and 1653 ém“, respectfully, shifted to 1592‘cm‘1 and 1602 cm™ upon

complexation with Ag(I).
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Experimental Results

Elemental Analysis and Weight Analysis of Ag1 I) Exchange

The extent of Ag(I) exchange on the Amberlyst 15 resin, estimated by weight

analysis and calculated by elemental a._nalysis, is presented in Table 17.

Table 16. Extent of Ag(I) Exchange on Amberlyst 15 Resin®.

weight analysis, % elemental analysis, % difference, %
- 70 -
2.3 60 1
70 06 9
2138 - 290 %
349 ‘ 26 — [ 18
31 61.0 ‘ 73

*Total weight gain based on 4.7 meg/g = 0.507 g Ag(1)/g resin. |

Adsorption and Desorption of Ethylene and Etharie

Ethylene and ethane adsorption isotherms of unexchanged and 61% Ag(l)
exchanged Amberlyst 15 resins are presented in Figure 41. The isotherms vwere_ collected at
- 1 atm and RT using the TGA. As shown, the unexchanged Amberlyst 15 resin adsorbs
0.18 mmol/g of ethylene and 0.18 mmol/g of ethane. The 61% Ag(I) exchanged
Aﬁlberlyst 15 resin selectiVeiy adsorbs 1.15 mmol/g of éthylene and 0.26 inmol/g of
ethane, corresponding to an adsorption ratio of 4.4.

Ethylene adsdrptibn and desorptién is_of.henﬁs of 61% Ag(I) exchanged Amberlyst
15 resin are presented in Figﬁre 42. The iso‘therrﬁs. was collected at 1 atm and RT usiing the
TGA. As indicated, the 61% Ag(I) exchanged Amberlyst 15 resin irreversibly adsorbs -
14% of the 1.15 mmol/g of ethylene. |

The ethylene adsorption isotherm of 7% Ag(I) exchanged Amberlyst 15 resin

ispresented in Figure 43. The isotherm was collected at 1 atm and RT using the TGA. As
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shown, the 7% Ag(I) exchanged Amberlyst 15 resin selectively adsorbs 0.83 mmol/g of
ethylene. As discussed in Chapter II, ethane adsorption isotherms were not collected due

to ethylene contaminant in the ethane feed.
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F'gure 41. Ethylene and ethane adsorptlon 1sotherms of unexchanged
and 61% Ag(I) exchanged Amberlyst 15 resins.
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Figure 42. Ethylene adsorption and "desorption isotherms of 61%
Ag(I) exchanged Amberlyst 15 resin.
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Figure 43. Ethylene adsorption isotherm of 7% Ag(I) exchanged
Amberlyst 15 resin. -
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Ethylene adsorption of Ag(I) exchanged Amberlyst 15 resins as a function of_‘ Agd)
loading is presented in Figure 44. The data were collected at RT and 1 atm using the TGA.
As shown, ethylene adsorption capacities initially increase at low Ag(I) loadings and reach
a maximum of 1.42 mmol/g on the 29% Ag) ekchanged Amberlyst 15 resin. At higher
Ag(D) loadings, the olefin adsorption capacities of the Ag(I)iexchanged Amberlyst 15 resins
decrease by over 20%. '

Ethylene/Ag(I) mole ratios of the Ag(I) exchanged Amberlyst 15 resins as a
function of Ag(I) loadings are presented in Figure 45. The mole ratios were calculated
from the results in Fi gure 44. As sh_ov'yn; fhe" c_athy-lene/Ag(I) mole ratios of the 42.6% and
61% Ag) exbhangéd Amberlysf 15 resms a:e»lcs's‘than 1. For example, the 42.6% Ag()
exchanged Amberlyst 15 resin hés an ethylene/Ag(I) molé ratio of 0.7. Converse}y, the
ethylene/Ag(I) mole ratios of the 7-29% Ag(I) exchanged Amberlyst 15 resins exceed 1.

- For example, the 19.6% Ag(I) exchanged Amberlyst 15 _fesin has an ethylene/Ag(I) mole
ratio of 1.4, and the 7% Ag(I) exchanged Amberlyst 15 resin héS an even larger
ethylene/Ag(I) mole ratio of 2.5. |

Temperature dependent ethylene adsorption isotherms of 7% and 61% Ag(I)

exchanged Amberlyst 15 resins are presented in Figures 46 and 47. The isotherms were

collected at 1 atm and 60 °C. From the témperature dependent adsorption data, the heats of

ethylene adsorption on the 7% and 61% Ag(I) éxchariged Amberlyst 15 resins were

calculated. The heats of ethylene adsopt_ion on both resins were 10 kcal/mol.
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Figure 44, Ethylene adsorption of Ag(I) exchanged Amberlyst 15
resins as a function of Ag(l) loading.
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Figure 45. ,_Ethylené/Agl(I) mol ratios of Ag(I.) excﬁanged Amberlyst
15 resin as a function of Ag(I) loading.
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Figure 46. Temperature dependent ethylene adsorptlon isotherms of
7% Ag(I) exchanged Amberlyst 15 resin. :
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Figure 47.. Temperature dependent ethylene adsorptmn isotherms of
61% Ag(I) exchanged Amberlyst 15 resin.
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Temperature dependent desorption of ethylene from 61% Ag(I) exchanged
Amberlyst 15 is presented in Figure 48. For adsorption, the sample was charged at RT and

I atm with‘ a pure stream of ethylene for 20 min. Desorption was carried out at RT and 100

°C using the MDA. As shown, desorption at 100 °C removes 1.15 mmol/g of ethylene

and desorption at RT removes 0.98 mmol/g of ethylene.

Adsorption and Desorption of Ethylene and Ethane Mixtures

Temperature dependent desorption of eth&lehe and ethane mixtures from 61% Ag(I)
exchanged Amberlyst 15 resin as a function of binary stream compOs'ition is presented in
Figure 49. For adsorption, the sample was charged for 20 min at RT and 1 atm with a
binary stream of ethylene and ethane, Des,orption was carried out at RT and 100 °C using
the MDA. As shown, the desorption of ethylene from the 61% Ag(l) exchanged Amberlyst

15 resin increases as the concentration of ethylene in the binary stream increases. For

example, after loading the 61% Ag(I) exchanged Amberlyst 15 resin in a binary stream
composed of 40% ethylene and 60% ethane, desorption at 100 °C removes 0.79 mmol/g
ethylene and desorption at RT removes 0.48 mmol/g. After loading the same sample with a

binary stream composed of 97% ethylene and 3% ethane, desorptioh at 100 °C removes

1.03 mmol/g of ethylene and 0.69 mmol/g of ethylene at RT. The desorption data also

indicate that the desorption of ethylene i temperature dependent. For example, after

loading, desorption at 100 °C removes an additional 33-39% of ethylene from the 61%

Ag(D) exchanged Amberlyst 15 resin. Data indicate that the desorption of ethane from the

61% Ag(I) exchanged Amberlyst 15 resin is not témperature dependent. |
Temperature dependent desorption of ethylene and ethane mixtures from 7% Ag(I)

exchanged Amberlyst 15 resin as a function of binary stream composition is presented in

Figure 50. For adsorption, the sample was charged for 20 min at RT and 1 atm with a
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bin.ﬁry stream of ethylene and ethane. Desorption was carried out at RT and 100 °C using

the MDA. As shown, the desorption of ethylene from the 7% Ag(I) exchanged Amberlyst
15 resin increases as the concentration of ethylene in the binary stream increases. For

example, after loading fhe 7% Ag(I) exchanged Amberlyst 15 resin in a binary stream

composed of 40% ethylene and 60% ethane, desorption at 100 °C removes 0.51 mmol/g

~ ethylene and desorption at RT removes 0.45 mmol/g. After loading the same sample with a

binary stream corhposed of 80% ethylehe and 20% ethane, desorption at 100 °C removes

0.63 mmol/ g of ethylene and 0.55 mmol/g of ethylene at RT. The desorption data also

show that removal of ethylene is slightly temperature dependent. For example, after
loading, desorption at 100 °C removes an baddi:tio:nal 11-15% of ethylene from the' 7%

Ag(I) exchanged Amberlysf 15 resin. Data indiciate that the desorption of ethane from the
7% Ag(l) exchanged Amberlyst 15 resin is not temperature dependent, but does increase in
streams higher in ethane concentration. For example, in the stream composed of 20%
ethane and 80% ethylene, desorption removes 0.02 mmol/g of ethane while in a stream
composed of 80% ethylene and 20% ethang, desorption_'removes 0.09 mmol/g of ethane.
Temperature dependent desorption of ethylene anci ethane mixtures frorh Ag(D)
exchanged Amberlyst 15 resins as a function of Ag(I) loading is presgnted in Figure 51.
For adsorption, the samples were charged for 20 min atRT and 1 atm with a binary stream

composed of 20% ethylene and 80% ethane. Desorption was carried out at RT and 100 °C

using the MDA. As shown, desorption of eth};léne Signiﬁcantly increases in going from
the 7% Ag(I) exéhanged Ambérlyst 15 'resin to the' 16% Ag(D) exchanged Arnbeﬂyst 15
resin. At the higher Ag(I) loadings, the data show that the desorption of ethylene is '
constant and eventually diverges at the 61% Ag(I) loading. The data also show that the

desorption of ethylene is temperature dependent at high Ag(I) loadings. For example,

| :desorption at 100 °C removes 0.67 mmol/g of ethylene, while desorption at RT is shown
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to remove only 0.39 mmol/g of ethylene. In contrast, at low Ag(I) loading, this
temperature dependence is not observed. The data also indicate that the desorption of
ethane is not temperature dependent but does fall at high Ag(I) loadings. For example,
desorpfion at RT removes 1.2 mmol/g of éthane from the 7 % Ag(D) ‘exchanged Amberlyst
15 resins while desofption at RT only removes 0.8 mmol/g of ethane from the 61%‘ AgD)

exchanged Amberlyst 15 resin.
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F' igure 48. Temperatue dependent desorptlon of ethylene from 61%
Ag(l) exchanged Amberlyst 15 resin.
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Figure 49. Temperature dependent desorption of ethylene and ethane
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function of binary stream composition.
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| Figure 51. Temperature dependent desorption of ethylene and ethane
mixtures from Ag(I) exchanged Amberlyst 15 resins as a function of
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Temperature Dependent Ethylene/Ethane Selectivities

Temperature dependent ethylene/ethane selectivities of 61% Ag(I) exchanged
Amberlyst 15 resin as a function of binary stream composition are presented in Figure 52.
The binary selectivities were calculated from the binary desorption data presented in Figure
49. As shown, the selectivtties increase at higher desorption temperatures and as the

concentration of ethylene in the binary stream decrease. For example, in a binary stream
composed of 20% ethylene and 80% ethane, the selectivities are 29.7 at 100 °C and 19.8 at
RT, while ina bin-ary stream composed of 80% ethylene and 20% ethane, the selectivities -
“are 6 at 100 °C and 5 at RT.

Temperature dependent ethylene/ethane selectivities of 7% Ag(I) exchanged
Amberlyst 15 resin as a function_of binary stream »composition are presented in Figure 53.
The binary selectivities were calculated from thebinary desorption data presented in Figure

50. As shown, the selectivities increase as the concentration of ethylene in the binary

stream decrease but show little variation with temperature. For example, in a binary stream
composed of 20% ethylene and 80% ethane, the selectivities are 9.6 at 100 °C and 8.9 at
RT, while in a binary stream composed of 80% ethylene and 20% ethane, the selectivities

are 2.81 at 100 °C and 3.21 at RT.

Ternperature dependent ethylene/ethane selectivities of the Ag(I) exchenged
Amberlyst 15 resins as a function of Ag(I) loading are presented in Figure 54. The
selectivities were calculated from the binary desorption data in Figure 51. As shown, the

selectivities initia.lly increase as the Ag(I) loadings increase. For example, the selectivities

of the 7% Ag(I) eXchanged 15 resin are 9 at RT and 10 at 100 °C while the selectivities of

the 16% Ag(I) exchanged 15 resin are 14 at RT and 24 at 100 °C. At intermediate and

higher Ag(I) loadings, the data only show a gradually increase in selectivity. On the 61%
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Ag(I) exchanged Amberlyst 15 resin, the data show that the selectivity continue to rise at

100 °C but falls ét RT. The data also show that the selectivities of the 16-61% Ag(I)
exchanged Amberlyst 15 resins are tempefature dependent. For example, the selectivities
of the 16% Ag(I) exchanged Amberlyst 15 resin were 16 at RT and 24 at 100 °C,
corresponding to an increase of 8 at 100 °C. In contrast, the data indicate that the

selectivity of the low Ag(I) loaded samples are not temperature dependent. For example,

the selecivitiy of the 7% Ag(I) exchanged Amberlyst 15 resin increases ohly by 1 after

desorption at 100 °C.
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Ag(I) exchanged Amberlyst 15 resin as a function of Ag(l) loading.
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DRIFTS Spectra

The DRIFTS-HTEC spectrum of gas phase ethylene is presehted in Figure 55, and
the bands are assigned.based on previous reports (Herzberb, 1945; Busca et al., 1992).

| In the spectrum, ethyléne bands-‘along with fine structure are observed at 949 cm’!, 1445
cm’l, 1889 cm'?, 2042 cm™, 2989 ¢m, 3067 cm’, and 3105 cm™. In agreement with
previous reports (Hérzberb, 1945; Busca et al 1992), the bénd at 949 cm’ is assigned to
the in-plane CH, bend; the band at 1445 cm’ is assigned to the in-plane CH, wag; the weak
bands at 1889 cm™! and 2042 cm™ are assigned to ‘t:h_e CH, combination bands; the band at
2989 cm is assigned to the CH, symmetric stretéh; the band at 3067 cm™ is assigned to a
CH? cdmbination; and the band at 3105 cnjr1 is'ass‘ign'e’d_-to_the antiéyiﬁmetric CH, stretch.
As expected, the inactive in-plane wag of the CH, ahd thé inactive C=C stretch, -
respectfully aésigned to bands at 1342 cm’iﬁér 1625 cm™, are not §Bsewed in the spectra.
In addition, the CH, combination band, previously characterized at 2325 cm™, is not
observed due to its weak intensity. ‘

The overlay of the DRIFTS-HTEC spectra of the 61% Ag(I) exchanged Amberlyst
15 resin and the ethylene exposed 61% Ag(I) exchanged Amberlyst 15 resin is presented in
Figures 56. In both spectra, the bands previously assigned to the Ag(I) éxchanged
Amberlyst 15 resin in Chatper III are observed. In the spectrum of the ethylene exposed
61% Ag(I) exchanged Amberlyst 15 resin, the following bands of ethylene are observed
aﬁd zvlre‘assig‘r'led based on p'rev_ious repérts (Herzberb, 1945; Buscé et al., 1992). The band
at 949 cm™ is assigned to the in-plane CH, bénd’; the band af: 1445 cm is assigned to the
in-plane CH, wag; and the band at 2989 cm''is assigned to the CH, symmetric stretch.

The overlays‘of the time elapsed DRIFTS-HTEC spectra of the ethylene exposed
61% Ag(I) exchanged Amberlyst 15 resin undef nitrogén purge are presented in Figures
57, 58, and 59. The series was collected in 5 minute intervals. In the series, the intensities
of the active CH, bend, CH, wag, and CH, symmetric stretch of ethylene, were observed

respectfully at 950 cm™, 1443 cm™ and 2989 cm’, decrease under nitrogen purge.
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Eventually, the spectrum correlates with that of unexposed 61% Ag(I) exchanged
Amberlyst 15 resin. ‘

The subtracted DRIFTS-HTEC spectrum (neat DRIFTS-HTEC spectrum of
ethylene exposed 61% Ag(I) exchanged Amberlyst 15 resin subtracted from the neat
DRIFTS-HTEC spectrum of 61% Ag(I) ¢x¢hanged Amberlyst 15 resin) is presénted in

“Figure 60. Subtractiqn_, revealing only infrar_ed active bands of ethylene, provided no

evidence for the activation of ethylene bands Which have been assigned to metal-olefin -

bond.
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Figure 55. DRIFTS-HTEC spectrum of gas phase ethylene.
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Figure 56. Overlaid DRIFTS-HTEC spectra of 61% Ag(I) exchanged Amberlyst 15 resin
and ethylene exposed 61% Ag(I) exchanged Amberlyst 15 resin.
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Discussion

When compared with elemental analysis, Weighf analysis is highly inaccurate for
measuring the extent of ion exch‘ange on Amberlyst 15 resins. For example, errors in the
extent of ion exchange measured by weight analysis range from 19-29%. Based on
spectroscopic results in Chapter III, the error of the weight analysis method can be
attributed to varying amounts of moisture in the Amberlyst 15 resin. As indicated by
DRIFT S spectra in Chapter II, the Amberlyst 15 resins contain residual moisture which
varies with cation exchange and is nbt removed by extensive drying. In conclusion, the
extent of ion exchange on Amberlyst 15 resin should not be inferred by weight gain
measurements. |

Ethylene adsorption aﬁd desbrption’ data, collected on the unexchanged and 61%
Ag(I) exchanged Amberlyst 15 resin in single c.ompbnent‘ streams, agree with previous
reports (Yang and Kikkinides; 1995), verifyiﬁg ‘the adsorption capacities of the Ag(D) |
exchanged Ambefiyst 15 resins. However, ethane adsorption data, collected on thé 61%
Ag(I) exchanged Amberlyst 15 resin, do not agree with previous reports (Yahg and
Kikkinides, 1995). Results show the 61% Ag(I) eichanged Amberlyst 15 resin adsorbs an
additional 50% of ¢thane. During attempts to reconcile the deviations, gas chromatography
analysis of the ethane revealed that the ethane feed was contaminated with residualk
ethylene. Hence, deviations in ethane results were attributed to the slow and continual
adsorption of ethylene contaminaﬁt in the ethane stream. Efforts Weré undertaken to
purchase a higher>purity ethahe feed, but suppliers were not found. Due to the ethylenei
contaminant, ethane adsorption and ethylene/ethane adsorption ratios were not measured by
TGA in subsequent studies. Additional literature réview re;/ealed that many adsorption
studies have repqrtedly used CP grade ethane without verifying 1ts purity. Therefore, the
residual ethylene, characterized in the CP grade ethylene, sets precendence for the

evaluation of gas purities in future adsorption studies.
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The ethylene adsorption/desorption data, fneasured on the 61% Ag(I) exchanged
Amberlyst 15 resin by MDA, corroborate the adsorption data collected using the TGA. For
example, adsorption data, collected using both techniques, indicate that the 61% Ag(l)
exchanged Amberlyst 15 resin adsorbs 1.15 mmol/g of ethylene and irreversibly adsorbs
14% of the ethylene at RT. Thé binary adsorption/desorption data also highlight the
additional utility of the MDA. For example, instcad‘of calculating an' adsorption ratio,
which is based solely on pure stream adsorption data, the binary desorption data allow
selectivities to be caléul_atcd in ﬁmlti‘componcnt streams. Thc buoyancy, drag, and thermal
effects, which plague the weight measurement in the TGA, are not a limitatiqn of the MDA;
and therefore, collecting temperature dcpeﬁdcnt adsorption data using the MDA is an easiér
and more accurate process. The variety of desorption techniques, provided by the MDA,
allows the collection of adsorption data nccdcd to select more appropriate adsorber units
and more applicable regeneration métho.d(s). o | ,

Adsorption deita show fhat ethylene adsorptidn cépécities of the Ag(I) cxchangéd
Amberlyst 15 resins decrease at higher Ag(I) loadings. For e){amplc, the ethylene
adsorption capacity falls YZO% in going from the 42.6% to 61% Ag(_I) exchanged Amberlyst
15 resin. Previous adsbrption siudics (Tamén et al 1996; Yang and Cheng, 1995;‘Lin1in
et al. 1984; Yang et al., 1997) have attributed t»his‘dcclinc' at high metal loading to poor

‘metal dispcrsioh and/or.porc biockage. Poor metal dispersion has primarily been based on
svurface studies of catalysts, which have shown that metals aggrcgatc at hjgh loadings
reducing available sites for reaction (Linlin et al. 1984; Somorjai, 1994; Youchang, et al.
198.1). Pore Blockage has primarily been based on studies of zeolites which have shown
that metals block pore cavities, preventing acéesé to adsorption sites (Schoeller and
Mueller, 1986:).; However, in disagreement ‘With poor metal dispersion and pore blockage,
the EDXAS profiles, nitrogen adsorption data, and mercury porosimetry results in Chapter
III indicate; (1) Ag() is homogeneously dispérsed throughout the Amberlyst 15 resin bead;

(2) Ag(I) does not modify the physical properties or structure of the Amberlyst 15 resins;
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and (3) Ag(I), having the smaller hydration sphere, easily migrates through the pore
structure of the Amberlyst 15 resin. Based on these data, poor metal dispersion and pore
blockage do not explain the decreased adsorption capacities at high Ag(I) loading. It is
therefore proposed that the high Ag(I) loaded samples have a high concentration of active
sites which inefficiently adsorb ethylene.

Adsorption/desorption ciata and ethylene/Ag(I) mole ratios indicate that extremely
low Ag(I) loaded Amberlyst 15 resins have surprisingly-large ethylene adsorption
capacities and ethylene/etahne selectivities. For example, when compared with the ethylene
adsorption on the 61% Ag(I) excﬁenged Amberlyst 15 resin; the 29% Ag(I) exchanged
Amberlyst 15 resin adsorbs an -edditiohal‘0.27 mmol/ g of ethylene with 32% less Ag(l)
‘loading. More surprisingly, the 7% Ag(Ij exehenged Amberlyst 15 resin maintains 75% of
the ethylene edsorption capacitiy of the 6’1% Ag(I)“exchanged Amberlyst 15 resin with 54%
less Ag(I) loading. This corresponds to an ethylene/Ag(I) raﬁo of 2.5. In addition, the
desorption data show that tfle 7% Ag) exchanged AmberlySt 15 resin has ethylene/ethane
selectivities which are only 1/3-1/2 less than the selectivities of the 61% Ag(I) exchanged
Amberlyst 15 resin. Literature precedence for.these surprisingly large ethylene adsorption
capacities, ethylene/ethane selectivities, and ethylene/Ag(I) mole ratios at low metal
loadihgs has not been recognized. However, EDXAS profiles, nitrogen adsorption data,
mercury porosirrietry data indicate that Ag(I) exchange does not promote physical
modifications of the resin whieh facilitate these lerge ethylene adsorption capacities.
Therefore, based on .these data, the lew Ag() exchanged Amberlyst 15 resins are proposed
to ha§e active sites which more efﬁ»cientlvy adsorb olefins. The combinatioh of the reduced
ethylene adsorption capacit'ies at h1gh Ag(I) loading aﬁd surprisingly high ethylene
adsorption capacities at low Ag(I) loadings suggest that the Ag(I) exchanged resins have
two different Ag(I) active sites for oleﬁn adsorpﬁoh. As suggested, the efficient active site
predominates at low Ag(l) loading, while the inefficient sites predominate at higher Ag(I)

loading. This hypothesis is further investigated in subsequent Chapters.
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In agreement with Yang and Kikkinides’ prediction (1995), the ethylene/ethane
selectivities of t_he 6“1 %v Ag(I) exchanged Amberlyst 15 resin increase as the concentration
of ethylene in vthe binary stream decreases. For exarﬁple,‘ cornpéred fo the 9.2 adsorption
ratio reported by Yan‘g and Kikkinides (1995), the temperature dependent desorption data
show that selectivitiés as high as 19 and 29 are achieved on ’tﬁe 61% Ag(I) exchanged

Amberlyst 15in a binary.strearn composed of 20% ethylene and 80% ethane. These
selectivity: observva,tino.ns ;1re in agreement With Buss (1996) who has stated at low
concentrations of the rhore strongly adsorbed'cornponent (i.e. ethylene), the ethylene is
preferred by the high-energy active sites',’and the selectivity is high. However, at ’higher
concentrations of the more strongly adsérbed.cornp’onent, ethylene must compete with the
ethane for energetically weaker active sites,‘ and thé selectivity is ldwered.

The ethylene/ethane selectivities of the Ag(I) exéhanged Amberlyst 15 resin as a
function of Ag(I) loading are shown to drastically increase at low metal loadings. This is
easily rationaliz‘ed.by the increased amount of ethyléne desorbed. The ethylene/ethane
selectivities of the intermediate Ag(I) loadings also increase even though the desorption of
ethylene remains fairly constant on the 16 to 42.'6%“'Ag(I) e_xchéhged Amberlyst 15 resins.
This can be rationalized by the fact that the higher AgD) exchanged Amberlyst 15 résins
desorb 44% less ethane. Since selectivity is a mole fraction calculation, reduction in the
amount of ethane desorbed at higher Ag(I) loading provides the higher selectivites. The
diverging selectivities, observed on 61% AgD exchanged 15 resin, are attributed to the
irreversibly adsorbed ethylene, which s removed at 100 °C.

Irreversible adéorption'has been attributcd to chemisorption (Satterfield, 1991).
Infrared reports (N Qltes et al., 1970; Scott, 1972; N agakura and Hosoya, 1963; Yates et
al., 1966; N agendrappa and Devaprabhakéra, 1968) on the infefaétion of Ag(I) with olefins
have shown that the inactive infrared’ bands of olefin are activated (i.e. chemisorbed) when

complexed (i.e. chemisorbed) with Ag(I). For example, Yate$ et al. (1966) have

spectroscopically shown that the inactive band assigned to the C=C symmetrical stretching
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mode of ethylene is activated and shifted ‘to 1580 cm™ upon complexation with Ag(I) in
zeolite. Yates et al. (1955) also reported that the inactive band assigned to the CH, wag of
ethylene is activéted and shifted to higher wavenumber upon complexation with Ag(I) in
zeolite. In contrast wifh these reports, a chemisorbed fraction of ethylene, characterized by
the activation and shift of the band assigned to the C=C stretch ‘ahd/or CH, wag of -
ethylene, was not observed in theDRIFTS-HTEC spectra of the ethylene exposed 61% -
Ag) exchahged Amberlyst 15 resin. The DRIFT-HTEC spectra therefore indicate that
ethylene is not chemically modified when adserbed on 61% A'g(i) exchanged Amberlyst 15
resin. Hence, in conflict with Yang and Kikkinides (1995), the DRIFTS-HTEC spectra
imply that a large fraction of ethylene is physisorbed on the 61% Ag(I) exchanged
Amberlyst 15 resin. Since a smali fraction of ethylene, based on irreversible ads‘orption (5-
15% at RT), is attributed to chemisorption‘,‘ this fractioh falls below infrared detection
limits. | | |

Yang (1987) has stated that heats of adsorption below 15 ‘kcal/movle are
eharacteristic of physisorption. Furthermore, the heats of olefin adsorption on physical
adsorbents such as zeolites and alkali metal exchanged Zeolite (Triebe et al. 1996), both of
which are incapable of cherrlisofption, have been in excess of 13 kcal/mole. Based on
these observations, it can be postulated that the heats of ethylene adsofptioh calculated from
adsorption dafa collected on the 7% (10 kcal/mol), and 61% Ag(I) exchanged Amberlyst 15
resins (10 kcal/mol), suggest that a large fraction of ethylene is physisorbed on the Ag(I)

exchanged Anibe’rlyst 15 resins.
- Conclusion

When compared with elemehtal analysié, weight analysis shows to be highly
inaccurate for measuring the extent of ion exchange on Amberlyst 15 resins. Thus, the
extent of ion exchange on Amberlyst 15 resins should not be determined by weight gain

measurements.
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Gas Chromatography analysis of CP grade ethane indictes that the CP grade
ethylene contains residual ethylene. This result sets precedence for the evaluation of gas
purities in future adsorption stlldies.

| When compared with the TGA, the adsorption results ihdicate that the MDA is a
comparable technique which collectsuadsorptioh data under conditions more representative
of industrial processes. | |

In agreement with previous ‘predictions,, the adsorptidh data indicate that
ethylene/ethane selectivities of the Ag(I) exchanged Amberlyst 15 resins dramatically
increase as the concentration of ethylene in the l)inary stream decreases.

Even though unprecedented ih the litereture, adsorption data show that extremely
low Ag(I) loaded Amberlyst 15 resins have surprisingly high olefin adsorption capacities
and olefin/paraffin selec-tivlties._

Contradicto_ry to previolls infrared studies and adsorption predictions, the DRIFTS
spectra and adsorpﬁon data suggest that_ ethylene is primarily physisorbed on the Ag(I)
exchanged Amberlyst 15 resi‘n. |

The combination of nitrogen adsorptlon data, mercury porosimetry data, EDXAS
profiles, temperature dependent adsorption data collected as a function of Ag(l) loading,
and DRIFTS-HTEC spectra suggest that the Ag(I) exchanged Amberlyst 15 have different

types of Ag(I) active sites which adsorb ethylene.
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- CHAPTER V
CURVE FITTING ETHYLENE ADSORPTION ISOTHERMS
Summary

As reported in Chapter IV, the Yang and Kikkinibdes isotherm equation for ethylene
adsorption on 51.7% Ag(I) exchanged Amberlyst 15 resin was derived based on the
assunlption that ethylene was chemisorbed on the Ag(I) sites. However, DRIFTS spectra
and adsorption data in Chapter IV show that ethylene is primarily physisorbed on active
sites of Ag(I) exchanged Amberlyst 15 resins. As pointed out by De and Do (1997),
Knaebel (1995), and Rudzinski et al. (1996), many isotherms have been curve fit with the
purpose of estimating ﬁtting parametere that provide information on the surface structure of
the adsorbent and the interactiens between adsorbates and adsorbents. The curve fitting
equations have been derived based on assumptions about the surface structure of the
adsorbent, the nature of the active sites, and the nature of adserption. This suggests curve
fitting isotherm data with eciuations might provide fitting parameters from which infomation
about the active sites for ethylene adsorpfion on the Ag(I) exchanged Amberlyst 15 resins
could be inferred. |

In Chapter V, curve fits of the ethylene adsorption isotherm of the 61%Ag(I)
exchanged Amberlyst 15 resin are presented and discussed. The curve fits are obtained by
nonlinear least square fitting the experimental adsorption data to the Langmuir, Toth,
Unilan, and Yang and Kikkinieles isotherm equations. The .fractions of chemisorbed and
physisorbed ethjlene on the 5 1;7% Ag(D exchanged Amberlyst 15 resin, respectfully,
evaluated using the Yang and Kikkinides isotherm equation, are also reported. Results
indicated; (1) the Yang and Kikkinides, Langmuir, Toth, and Unilan isotherm equations all
fit the ethylene adsorption isotherm of the 61% Ag(I) exchanged Amberlyst 15 resin, )
the two site model, proposed by Yang and Kikkinides, and the Yang and Kikkinides

isotherm equation donot adequately represent ethylene adsorption on Ag(I) exchanged
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Amberlyst 15 resin, and (3) as suggested by Rudzinski, the heterogeneity fitting parameters
of the Toth, Unilan, and Yang and Kikkinides isotherm equations provide no evidence to

 distinguish the heterogeneity of the active sites of the Ag(I) exchanged Amberlyst 15 resin.

Background

Adsorption Isotherms

Physical and chemical adsorption data are commonly repdrted in the form of
isotherms (Albriéht and Yarnell, 1987; Knaebel, 1995; Yang, 1987; Satt¢rﬁeld 1991;
Ruthven 1984, 1991; Gregg and Sing, 1982). Adsorption isotherms graphically express
~ adsorption capacity as a function of feed c_ompbsition at constant temperature. The
isotherms are commonly nonlinear least squares curve fit to isotherm eqautions. Nonlinear
least square curve fitting is} a process which uses an algorithm in combination with
independent variables (i.e. adsorption capacit‘ies and partial pressures) and a previously
derived equation to déterrnine dependent variables (i.e. fitting parameters of the eqaution)
which minimize the sum of squared differences between the independent variables and the
variables predicted by the equation. The‘p'roc’ess is iterative, which means iniﬁal guesses
and constraints are put into the valgorithm, and the algorithm continually makes better
estimates until the difference between the residual sum of squares no longer decreases
significantly. When a tolerance level (i.e. maximum error of residual sum of squares input
into the algorithm) is achieved, the data are said to cohvé;gé (i.e. equation and ﬁtting
parameters adequately represént the experimental data‘).v The cbrréllation of the ﬁt with the
values of the nonlinear least squares fitting parameters can be used to infer adsorbent
properties such as vpore shape, pore size dis_tn'butioﬁ, surface area, and surface
heterogenéity (Satterfield, 1991).

The theoretical derivations of isotherm equétions are based on kinetics, statistics,
and thermodynamics (Satterfield, 1991; Ruthven, 1984, 1991). Using these principles, a

large number of isotherm equations have been developed. Several are listed and explained
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herein; Langmuir, Henry’s law, Brunauer-Emmett-Teller (BET), Toth, and Unilan
(Knaebel, 1995; Ruthven, 1984, 1991).

In the most idealistic case (i.e. adsorption at very low partial pressure on a
homogeneous surface), the siniplest adsorption isotherm equation is Heﬁry,’s law where
adsorption approaches a linear form with a slope of }K' (Gregg and Sing, 1982; Ruthven,
1991). Henry’s law cbnstant (K’) is a simple thermodynafnic equilibrium constaﬁt with a
temperature dependence that follows the integrated form of the van’t Hoff equation 30
(30) lim(a—QJ =K = Ke AR

r

where q is the adsorbed phase concentration, p is the partial pressure of adsorbate, K is a
pre-exponential factor, R is the gas constant, T is temperature, and -AH is the heat of
adsorption.
Since adsorption is exothermic, -AH, is a positive quantity and K therefore decreases with
increasing temperature. Henry’s law breaks down at higher pressures, as molecules
compete for surface sites or interact with other adsorbed molecules. At increased pressures
these molecular interactions become important and the isotherm equations become more
complex (Knaebel, 1995; Do and Do, 1996; Ruthven, 199_1).

Brunauer, Emmett, Teller, and Deming (1940) classified five types of physical

~ adsorption isotherms, pictured in Figure 61, that occur at higher partial pressures (Greg

and Sing, 1982; Yang, 1987).
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Figure 61. Brunauer, Emmett, Teller, and Deming (1940) classification of adsortion

isotherms.
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Adsorption isotherm variations reflect differenes in the porous structures of adsorbents
(Satterfield, 1991). For example, Type Il is typically called the S-shaped isotherm and is
characteristic of solid non-porous materials. Type III is rare, very unfavorable for
adsorption, and typical of systems in which adsorptidn forces are extremely weak. Typ.e
IV and V are more complex isotherms, with hysteresis effects characteristic of
condensation and diffusion limitations in pores. Type I;isotherms are the most common,
most favorable for adsorption, and characteristic of microporous materials. |

Of the many available isothefm equétions, the Langmuir (1918) adsorption isotherm
equation is the simplest and most commonly used equation for curve fitting both physical
and chemical badsorption of Type I isotherms (Rudzinski, 1996; Ruthven, 1984, 1991;
Knaebel, 1995). The basic Langmuif model makes the fqllowing assumptions (Langmuir,
1918): | |

1. The adéorption system is in dynarnic'equilibrium

2. Adsorbed molecules are held at a fixed number of Weil defined sites

3. Each adsorption site can hold only one molecule

4. The energy of adsorption is a constant ovér all sites

5. There aré no interactions between molecules adsorbed on neighboring sites

Based on these assumptions, the Langmuir equation 34 can be derived using equations 31-

d .
33. The rate of adsorption ( ;’ ) and rate of desorption ((Z’“ J on available and
ads des

t t

unavailable surface sites © are directly proportional as a function of the partial pressure P.
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(d A
(3l = =k(1-0O)P
‘ \ t ads
(32) = =kO
d’ /des
(33) - kK(1-©)P=kO

(34) | =4 __kK __KP
g, k+P 1+KP

In the Langmuir equation 34, q is the adsorption capacity, q,, s the monolayer adsorption
capacity, K is the Langmuir constant (which is directly related to Henry’s constant), and P
is the partial pressure of adsofbate. The correlati_oh of th‘ev Langmuir fit is easily checked by
plotting P/q VS.'P which yields a straight lin::e with a slope of 1/q,, (Gregg and Sing, 1982).
The quality of the ﬁt'is Based on the lineaﬁty of thé line (linear = good fit, curved = poor
fit). | |
Brunauer, Emmett, and Teller (BET méthod) (1938) have extended the Langmuir -

isotherm equation to evaluate multilayer adsorption and determine the surface area of solid
materials. For the ﬁrst layer of adsorption, thé Basic Langmuir assumptions are applied.
For subsequent layers, the rate of adsorption is taken to be proportional to the fraction of
the lowest layer still vacant and the rate of desorption is taken to be propartional to the
amount present in that layer. In additibn, the heat of adsorption for all layers except the
ﬁr_st is assumed to be equal to the heat of quuefaction.of the adsorbed gas. Summing over
infinite numbers of adsorbed layers yields eQuatioﬁ ‘35

P _ 1 (CoDP
V(R) -pP) V,C VVP

(35)

where V: volume of gas adsorbed at pressure P
V_, = volume of gas adsorbed in monolayer

P, = saturation pressure of adsorbate gas at the experimental temperature
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C = a constant related experimentally to the heats of adsorption and liquefaction of
the gas by equation 36

(-9

(36) C=¢ A

where q, = heat of adsorption of first layer

q, = heat of liquefaction of adsorbed gns on all other layers

R = gas constant

When the BET equation is a good fit, a plot of P/V (PO-P) versus P/P_ gives a
straight line, the slope and interceptof which can be used to evaluate V_ and C. If the
average area occupied by an adsorbed molecule is known, the surface area can be calculated
from V_. Since the cross-sectional area per adsorbed molecule of nitrogen has been well
established, it is the most cormnonly used .gabs for BET analysis. -

Many adsorbents have heterogeneous adsorption‘ sites with inhomogeneous
adsorption energetics. ‘The Langmuir constants, which are only empirical nonlinear least
squares fit derived v'a'lues; provide no real insight into the physical nature of the adsorbent
surface (Toth, 1971; Satterfield, 1991; Ruthven, 1_984, 1991), andias a result, alternative
adsorption isotherm equations, derived assuming a heterogeneous sUrface, ha\te been

developed (Toth, 1971, 1997; Honin and Reyerson, 1951; Knaebel, 1995; Do and Do,

1997).
The Toth isotherm equétion 37, a basic extension of the Langmuir model, can be
2 o KP '
(37) ' q4=4, (1 N KP')W

used to fit adsorption data and estimate the hetetogeneity of the surface of the adsorbent
(Toth, 1971t Myers and Valenzuelat, ‘1989). ‘The Toth isotherm i'ncorporates a unitless
heterogeneity ﬁtting patameter (t), which ranges from 0 <t < 1. When t = 1, the Toth
equation reverts to the basic Langmuir, and the fit suggests that the surface of the adsorbent

is homogeneous. On the other hand, as the values of t approach zero, the heterogeneity of
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the adsorbent surface increases. The Toth isotherm has been used to fit ethylene adsorption
data collected on activated carbon (Ray and Box, 1950; Lewis et al., 1950), silica gel
(Lewis et al., 1950), and zeolites (Hyun and Danner, 1982; Kaul, 1987). Toth fitting '

parameters from these selected studies are listed in Table 17.

Table 17. Toth Isotherm Fitting Parameters for Ethylene Adsorption
on Activatcd Carbon, Silica gel, and Zeolites '

material , b, atm“ t q, mmol/g
activated carbon” 0.118 0.5988 | 7.34
silicagel” 0.627 [0.845 |2.54
Ze0lies” ~[0.044 [0.687 [3.19

*Ray and Box, 1950. .
®Lewis et al., 1950.
°Kaul, 1987.

The Unilah isotherm cquatioﬁ 38, based on the distribution of energies-among -
S ! c+Pe"’

(38) : q= %?Ln(m)
adsorption sites, can also be used to cvalﬁatg surface heterogeneity (Honig and Reyerson,
1951, Myers and Valenzuela, 1989; Knaebel, 1995; Yang, 1987). The distribution
function for the energy of adsorption is statistically derived by comparing the fraction of |
sites occupied to experimentally collected isoteric heats of adsorption (Sips, 1950; Honig
and Reyerson, 1952). In the Unilan equation 40, s is the heterogeneity parameter, which
generally falls in the range of 047 >(Myers' and Valenzuela, 1989). As with the Toth
equation, the Unilan equation reverts back to the basic Langmuir when s =0, dictating that
the surface is homogeneous. On the other hand,‘aé the vélue of s increases, the
heterogeneity of the adsorbent surface is said to increase. The fitting parameter ¢ is an
arbitrary constant which provides a rough measure of the heat of adsorption of the first
monolayer. The Unilan isotherm has been used to fit ethylene adsorption collected on

activated carbon (Ray and Box, 1950; Lewis et al., 1950), silica gel (Lewis et al., 1950),
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and zeolites (Hyun and Danner, 1982; Kaul, 1987). Unilan fitting parameters from these

selected studies are listed in Table 18.

Table 18. Unilan Isotherm Fitting Parameters for Ethylene Adsorption
on Activated Carbon, Silica gel, and Zeolites

material _ ‘c, atm’ 3 q,, .-mmol/g -
activated carbon® K 96 0.067 | 16.44

silica gel’ — . 1729 5.6 1
Zeolites” B | 0.165 19 |30

*Ray and Box, 1950.
®Lewis et al.-1950.
¢Kaul, 1987.

Selecting Adsorption Isotherms

Knaebel (1995) reported that selecting the most appropriate isotherm equation is not
a well defined prd.c‘ess. He mentions that engineers comfrionly believe that any isotherm
fitting the general trend of the adsdrption data is acceptable. Althought the most simple
isotherm equaﬁon is typically the b¢st choice for fitting the data. Additionally, parameters
must be added to reflect non-ideal sufaces and adsorption behaviors (i.e. as is the case with
the Toth and Uniian equations described above). Knaebel (1995) stresses these points by
using four different isotherm équations to fit the adsorption of water vapor on silica gel.
Results show that three equations fit the data reasonably well. }

Do and Do (1997) and Rudzinski et al. (1997), in agreement with Knaebel (1995),
have stressed that constants or parémeters of an adsorption isotherm e'q_uation should reflect
‘the heterogeneity of the surfaCé of the adsorbent, and the inferactiohs between adsorbates.
Rudzinski et al. (1997) noted that isotherm parameters commonly lack correlation with
these adsorption properties. Hence, fitting parameters from differenf adsorption isotherm
equations must be used cautiously to infer information concerning adsorbent structure and

adsorption interactions.

146



Experimental Technigues for Collecting Adsorption Data

Adsorption isotherms are collected using gravimetric methods, chromatographic
methods, constant-vblume methods, and dynamic methods (Yang, 1987).. A more in-depth
review of techniques for measuring adsorption was presented in Chapter I; only a short
description follows. In gravimetric methods, the total amount of absorbed phase is
measured using a microbalance. Chromatographic methods involve analyses of
breakthrough curves. In constant volumt; (static) methods, the amount and composition of
the absorbed phase are approximated by the difference in the amount and composition of
the gas phase mixture, before and after adsorptidn. Gas phase mixture amounts are
calculated using P-V-T relatibnships,' and gas phase compositipns are usuaHy determined
using gas chromatography. In dynamic (flow) methods, the adsorbent is loaded to
equilibrium and the absorbéte mixture is quantitatiVely desorbed by evacuation and/or
heating and trapped in liquid nitrogen cooled or evacuated Vesscls; The total amount and
composition of the adsorbed mixture is measured directly, using P-V-T relationships and
gas chromatography, respectively. The adsdrptioﬁ isotherm is typically plotted with |
adsorption capacity, measured in ml/g or mmol/g, on the ordinate and partial pressure of

the gas stream at constant temperature on the abscissa.

Ag(D) Exchanged Amberlyst 15 Resin

As reported byYang and Kikkinides (1995) and shown in Chapter IV,
unexchanged Amberlyst 15 resin adsorbs equal qu‘anti,ties of ethylene and ethane. Based
on these results, Yang and "Kikkihides assumed the’une)ichahged sites of the Amberlyst 15
resin were homogeneous and physisofbed both ethylene and ethafle; Yang and Kikkinides
(1995) reported that a 51.7% Ag(I) exchanged Ambertlyst 15 resin selectively adsorbs
ethylene (1.15 mmol/g) over ethane (0.125 mmol/g) (Yang and Kikkinides, 1995). In
addition to physisorption on the remaining unexchanged sites, Yang and Kikkinides

postulated Ag(I) exchanged sites of the Amberlyst 15 resin were heterogeneous and
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selectively chemisorbed olefin. Extended Huckel Molecular Orbital (EHMO) calculations
(Y‘ang and Kikkinides, 1995) on the interaction of ethylene with the silver salt of
benzenesulfonic acid were conducted to support the chemisorption assertion. Based on the

Dewar—Chatt Duncanson (Chatt and Duncanson, 1953; Dewar, 1951) bonding model, the

'EHMO calculatiohs attributed 16% of the interaction to n-backbonding and 84% of the

interaction to sigma donation. The calculations also provided a theorectial heat of ethylene
adsofption (29.7 kcal/mol). Based on these résults, Yang and Kikkinides predicted
chemisorbed the most prominent iﬁteraction on the 51.7% Ag(I) exchanged Amberlyst 15 |
resin.

Using these assumptions, Yang and Kikkinides (1995) developed isothérm
equation 39,

_ qmprP+ e 1 1+K_Pe’-
1+K, P 2s 1+K_Pe”

(39) g
where q_, is the monolayer adsorption capacity, q is the adsorption capacity, K is the
Langmuir constant, P is the partial pressure of adsorbate, and s is a heterogeneity
parameter. The first portion of the eq,ﬁatio.n, derived from the‘Langmﬁir model,
represented ethylene physisorbed on the homogeneous unexchanged sites of the Ag(I) |
exchanged Ambérlyst 15 resin. The second portion of the eqilation, deﬁved from the
Unilan model, represented ethylene chemisorbed on heterégeneous Ag) exchanged sites
of the Amberlyst 15 resin.

| Using Marquardt nonlinear regression methods, equation 40 was used to.

V3o
§=—

“0) RT

nonlinear least squares fit ‘ethylene‘ adsdrptibn' data collected on 51.7% Ag(I) exchanged

Amberlyst 15 resin (Yang and Kikkinides, 1995). For the fit, the heterogeneity parameter

s was empirically estimated with equation 42, where G is the square root of the variance of

148



the uniform enérgy distribution. A value of 3.5 appeared reasonable based on previous
- reports (Myers and Valenzuela, 1989). Based on the cohstructéd bonding model,
constraints were pléced upon thé physical adsorption contributions (9., and b)). Since
48.3% of the aCidic. sités of the Amberlyst 15 resin were unexchanged, q,,, was constrained
to 48.3% of the q,,, value obtained for ethylene adsorbed on the non-exchanged sites of the
Amberlyst 15 resin. In addition, the b, value obtained for adsorption on non-exchanged
sites of the Amberlyst 1‘5 resin was used as an upper b, valﬁe. Hence, q,, and b, were the
only true ﬁtting‘parameters. The fitting parameters used by Yang and Kikkinides (1995) to |
characterzie ethyléne adsorption on the 5 1.7% Ag(I) exchanged Arﬁberlyst 15 resin are
presented in Table 16.

Using equation 39 and the same c_onstraihts_, Yang et al. (1997) have also fit
ethylene adsorption data collected on 50.2% Ag(I) exchariged Amberlyst 15 resin and
34.5% Ag(D) exchanged Amberlyst 35 résin‘;‘ : The _résulti’ngiﬁtting parameters are listed in

Tables 20 and 21.
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Table 19. Yang and Kikkinides Isotherm Fitting Parameters for Ethylene Adsorption

on 51.7% Ag(I) Exchanged Amberlyst 15 Resin®

adsorbent temp, °C | Qmp: mmol/g | b,, l/atm | q,., mmol/g | b,, 1/atm | s
C,H,/resin 25 170.267 1.22 |
C,H/Agresin | 25 0.102 0911 1.46 3.07 3.5

“Yang and Kikkinides, 1995.

Table 20. Yang and Kikkinides Isotherm Fitting Parameters for Ethylene Adsorption
on 50.2% Ag(I) Exchanged Amberlyst 15 Resin®

adsorbent

temp, °C

Qg mmol/g,

bp, 1/atm

q,,.» mmol/g

b,, 1/atm-

C,H,/Ag resin

25

0.197

1720.75

1.674

1.725

3.5

*Yang et al. 1997.

Table 21. Yang and Kikkinides Isotherm Fitting Parameters for Ethylene Adsorption
34.5% Ag(l) Exchanged Amberlyst 35 Resin® -

adsprbent temp, °C | 9w mmol/g | b, /atm | q,., mmol/g | b, I/atm |s
C,H,/resin 25 0.253 | 8.9
C,H/Agresin |25 13.29 1.267 3.5

0.250

“Yang et al. 1997.
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Experimental Results
Curve Fits:

Th¢ results of the Langmuir, Toth, Unilan, and Yang and Kikkinides curve fits of
the ethylene adsorption isotherm of the 6‘1% Ag(I) exchanged Amberlyst 15 resin are -
overlayed in Figure 62. ‘As shown, all four isotherm equations reasonably ﬁt the ethylene |
adsorption isotherm. |

The Langmuir ¢0rrelati0n plot is preéented in Figure 63. | As shown, the éorrelation
plot is linear (i”.'e. Cbﬁelation coeffieint of 1.0). As noted by Ruthven (1991), the linearity
of the plot indicates a high quality fit between the ’Langmuir equation and adsorption
isotherm. B

‘The nonlinear least square fitting parameters of the Yang and Kikkinides,
Langmuir, Toth, aﬁd Unilanvvisotherm fits are presented ih Tabiés 22,23,24,and 25. In
addition to the resulting parameters, the inital guesseé and constraints, used in the curve
 fits, are listed in the Tables. |

Initial guesses, similar to those reported by Yang and Kikkinides (1995), were used
in obtaining the curve fit with the Yang and Kikkinides isotherm equation, and constraints
- were set extremly high. As shown, the q,, and q_ fitting parameters agree with previous
| adsorption fits of Ag(I) exchanged Amberlyst 15 and 35 resins (Yang and Kikkinides,
1995; Yang et al., 1997), while the b, and b, fitting parameters differ by over 20. This
variation can be attl‘ibutéd to different algorithms, since different ﬁtting programs were
- used and the fitting para:hetérs only make the data 'cohvérge. The value of the
heterogeneity fitting parameter“(s), slightly larger than previous reports (Yang and

Kikkinides, 1995; Yéng ef al. _1997); suggests that the surfaée sites of the 61% AgD)

exchanged Amberlyst 15 resin are heterogeneous.
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The Langmuir, Toth, and Unilan curve fits were obtained using extremely high
constraints. While structural interpertation cannot be inferred from the Langmuir
parameters, the heterogeneity parameters of the Toth and Unilan fits suggest that the

surface sites of the 61% Ag(I) exchanged Amberlyst 15 resin are homogeneous.

152



Adsorbed (mmol/g)

1.2

L

14

0.8 + -
o ee A ea
0.6 + —o—Langmuir —e—Langmuir
—8~— Toth ——Toth
X —A— Unilan —&— Unilan

0.4 —»— Yang —— Yang
02}

O L

0o 02 0.4 06 08 1
Hydrocarbon Partial Pressure (atm)

Figure 62. Curve fits of ethylene édsdrption on 61% Ag(l)
exchanged Amberlyst 15 resin. B
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Figure 63. Langmuir isotherm correlation plot.
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Table 22. Yang and Kikkinides Isotherm Fitting Parameters for Ethylene Adsorpt1on
on 61% Ag(I) Exchanged Amberlyst 15 Resin

adsorben; temp, °C | Qmp MmMol/g | b, 1/atm | g, mmol/g | b,, I/atm | s
initial guess 25 | 0.540 0.912 1.0 1.0 3.5
constraint 25 1.0 0.912 10 - 10 111.0
C,H/Agresin | 25 0.343 0912 [ 1.446 789 |54

Table 23. Langmuir Isotherm Fitting Parameters for Ethylene‘
Adsorption on 61% Ag(I) Exchanged Amberlyst 15 Resin

adsorbent temp, °C | Gn - gmol/kg | b, 1/atm
initial guess 25 2.0 0.2
constraint 25 10.0 1.0
C,H,/resin 25 02664 | 04534
C,H/Agresin | 25 1.25 - 0.107

Table 24.. Toth Isothefrh Fitting Parameters for Ethylene Adsorption

on 61% Ag(I) Exchanged Amberlyst 15 Resin

adsorbent temp, °C q,, » gmol/kg t b, 1/atm
mital guess | 25 125 1.0 02
constraint 25 10.0 10.0 10.0
C,H,/resin 25 0.2664 0.9667 |0.4417
C,H,/Agresin |25 1.25 0.9621 | 0.1064
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Table 25. Unilan Isotherm Fitting Parameters for Ethylene
Adsorption on 61% Ag(I) Exchanged Amberlyst 15 Resin

adsorbent temp, °C | Gms gmol/kg S c, atm™
initial guess | 25 1.25 1.0 1.0
constraints 25 10.0 10.0 10.0
C,H,/resin 25 0.2664 0.6520 | 0.4509
CH/Agresin |25 1.25 1.0062 | 0.0983

Physisorbed and Chemisorbed Fractions of Ethvlene

Using equation 39, the quantities of physisorbcd and chemisorbed ethylene on thé :

51.7% Ag(I) exchanged Amberlyst 15 resin were respectfully calculated. The respective

fractions were evaluéted by-sépafating equation 39 into the Langmuir and Unilan

components and evaluating each equation separatély, using the fitting parameters reported

by Yang and Kikkinides (1995). The calculated results are presented in Table 26.

Table 26. Physisorbed and Chemisorbed Fractions of Ethylene on 51.7% Ag(I)

Exchanged Amberlyst 15 Resin

pressure, ethylené , ethylene total adsorbed, mmol/g
atm physisorbed, mmol/g chemisorbed, mmol/g

0.00 "0.000 —0.000 0.000 _

0.20 0.016 0.637 0.653

0.40 0.027 0.776 0.801

0.60 | - 0.034 0.857 0.893

0.80 - ‘ 0.043 0.915 0.958

1.00 0.049 - 0.961 1.01

As shown, the calcuations using the Uhilan portion of cquatidn 39 suggest that over 95%

-of the total ethylene capacity of the 51.7% Ag(I) exchanged Amberlyst 15 resin is

chemisorbed on the proposed heterogeneous sites, while the Langmuir portion of equation

39 indicates less than 5% of the ethylene is physisorbed on the proposéd homogerieous

sites of the Amberlyst 15 resin.
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Discussion

The Yang and Kikkinides, Langmuir, Toth and Unilan isotherm eqﬁations all
reasonably fit the ethylene adsorption isotherm of the 61% Ag(I) exchanged Amberlyst 15
resin. In agreement with Knaebel (1995), the fits indicate that the simpler isotherm
equations can be used to fit ethylehe»adsorption on the 61% Ag(I) exchanged Amberlyst 15
resin. ,

Yang and Kikkinides proposed that the ethylene was adsorbed on two é,ites (ie.
unexchanged and Ag(I) exchanged siteé) of the Ag(I) exchanged Amberlyst 15 resin. The
olefin adsorption data in Chapter IV, collected on the high Ag(T) exchanged Arhb'erlyst 15
resihs, agree with the different éites. The data show that the olefin ad‘sorption capacities of
Amberlyst 15 resins dramaticﬂly increase after Ag(l) exchange suggesting the Ag(I) must -
facilitate different active sites which adsorb oleﬁﬁ, In contrast, Qlefin adsorption data,
collected on the low Ag(I) exchanged Amberlyst 15 resins, are not consistent with the two
site model. The adsorption data show that low Ag(I) exchanged Amberlyst 15 resins have _
unexpectedly large ethylene adsorption capacities. FOr example, data indicate that 7%
Ag(I) exchanged Amberlyst 15 resin adsorbs 0.82 mmol/g of ethylene corresponding to an
ethylene/Ag(I) mole ratio of 2.5. As stated in Chapter IV, nitrogen adsorptipn data,
mercury porosimetry data, and EDXAS profiles indicate the large adsorption capacity is not
a result of physical modifications of the resin bead. Therefore, as deséribed in Chapter IV, |
the data suggest that the Ag(I) exchanged Amberlyst 15 resin have an additional Ag(D)
exchanged active site which more efficiently adsorbs olefin at low Ag(I) loading. Based on
these results, the two site model does not adequately fepresent the oleﬁn adsorption onv this
pfoposed third Ag(I‘) exchanged active .sité. |

The Yang and Kikkinides isotherm equation, suggesting that over 95% of the
ethylene is chemisorbed on 51.7% Ag(I) exchanged Amberlyst 15 resjn, is inconsistent
with the heats of olefin adsorption and DRIFTS-HTEC spectra of the ‘Ag(I) exchanged

Amberlyst 15 resins. The heats of ethylene adsorption of the 7% and 61% Ag(I)
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exchanged Amberlyst 15 resins are 10 kcal/mol. According to Yang (1987), the 10
kcal/mol heats of ethylene adsorption, which fall below typical chemisorption values (15
kcal/mol), do not indicate that ethylene is chenﬁsorbéd_on the Ag(I) exchanged Amberlyst
15 resins. The DRIFTS-HTEC spectra of ethylene exposed 61% Ag(l) exchanged
Amberlyst 15 resin do not show ethylené bands in the 1450-1623 cm™ region. Activated
ethylene bands in this region have routiniy been assigned to olefin chemisorbed on Ag(I)
(Noltes et al., 1970; Scott, 1972; Nggakura and Hosoya, 1963; Yates et al., 1966); thus,
the DRIFTS-HTEC spectra do not indicate that ethylene is cherrlisofbed on the Ag(I) '
~ exchanged Amberlyst 15 resin. Based on thes‘e‘: data, the Yang and Kikkinides isotherm
equation does not accurately represent ethylén_e édsorption on the Ag(l) exchanged
Amberlyst 15 resin. This conclusion is most ilvo'gi‘cal since the two’site model, which was
used to derive the Yang and Kikkihides isotherm équaﬁon, is also ihconsistent with
experimental data. | - |

As discussed in the background, inferring active site homogeneity from fitting
parameters is a common practice (’Gregg and Sing, 1982; Ruthen, 1.991; Rudzinski et al.,
1997, Knaebel, 1995, Brunauer et al., 1940). Based on this precedence, the heterogeneity
fitting parameters of the Toth and Unilan isotherm equations suggest the active sites of the
61% Ag(l) exchanged Amberlyst 15 resiﬁ are homogeneous. In contrast, the heterogeneity
fitting paramé‘ter of the Yang and Kikkinides isotherm equation suggests the active sites of
the 61% Ag(I) exchanged Amberlyst 15 resin are heterogeneoué. As suggested by
Rudzinski, thé signiﬁcaﬁce of the ﬁtting pafameteré are corﬁfnoniy quesfionable. In
accord, the fitting paramétefs supporf Rudzinski;s assertion, ”and unfortunately provide no
evidence to distinguish heterogeneity of the active sites of the Ag(T) exchanged Amberlyst

15 resin.
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Conclusion

The Yang and Kikkinides, Langmuir, Toth and Unilan isotherm equations are all
showﬁ to fit the ethylene adsorption isotherm of the 61% Ag(I) exchanged Amberlyst 15
resin. Therefore, in agreement with Knaebel (1995), the simpler isotherm equations can be
used to fit ethylene adsorption on the 61% Ag(I) ef(changcd Amberlyst 15 resin. |

Heats of adsorption, adsorption data, and DRIPTS-HTEC spectra of Ag(I)
exchanged Amberlyst 15 resins chclusively indicate that the two site model, proposed by
Yang and Kikkinides, and the Yang and Kikkinide,s isotherm equation do not adequately '
represent ethylene adsorption on Ag(I) exchénged Amberlyst 15 resin.

As suggested by Rudzinski, the 'heterogenéity ﬁtting parameters of the Toth,
Unilan, and Yang and Kikkinides isotherm equations provide no conclusive evidence to

distinguish the heterogeneity of the active sites of the Ag(I) exchanged Amberlyst 15 resin.
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CHAPTER VI

OLEFIN ADSORPTION CAPACITIES AND SPECTROSCOPIC
CHARACTERIZATION OF Ca(II), Na(I), and Ni(II)
EXCHANGED AMBERLYST 15 RESINS

Summary

In Chapter IV, spectroecopic and adsbrption data showed that ethylene waé
physisorbed on the Ag(I) exchanged Amberlyei 15 resins. As discussed in Chapter I,
exchanging thevsodium cation of zeolites With caleium, magnesium, or potassium increased
ethylene adsorption capacities and oieﬁn/parafﬁn selectivities by physisorption interactions
(dispersion forces). | Preliminary_e'conomic’ analysis of 61% Ag(I) exchanged Amberlyst
resins had indicated that the high cost of s'ilver: might lihﬁt industrial application of those
materials in olefin separation and recOver'y; -‘Amberlyst 15 resins exchanged with alternative
metal cations could offer considerable eost advantages over Ag(I)vif high olefin adsorption
capacities and Oleﬁn/parafﬁn selectivities could be achieved. In addition, spectroscopic
characterization of the Ca(II) and Na(T) exchanged Amberlyst 15 resins might provide
valuable infonhation about the active sites for ion exchange and olefin adsorption on the
Amberlyst 15 resins.

In Chapter VI, the ethylene adsorption capacities of Ca(II), Na(I), and Ni(II)
exchanged Amberlyst 15 resins, measured in single component streams by TGA, are
reported. DRIFTS specytra of the Ca(II') and Na(I) exchanged Amberlyst 15 resins are
presented and discussed. The adsorption data indicate that the Ca(Il) and Na(I) exchanged
Amberlyst 15 resins‘, having very poor adsorption capacities, offer no economic advantage
over Ag(]) exchanged Amberlyst 15 resins. In addition and in agreement with data in
Chapter III, the DRIFTS spectra of the Ca(II) and Na(I) exchanged Amberlyst 15 resins
indicate; (1) the sulfonate groups are the active sites for cation exchange on the Amberlyst
15 resin; (2) the cation exchange reorganizes the hydration structure of the Amberlyst 15

resins; and (3) the Amberlyst 15 resins contain residual moisture.
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Background

Analysis of Industrial Process using Ag(I) Exchanged Amberlyst 15 Resin

Preliminary cost analysis of the 51.7% Ag(I) exchanged Amberlyst 15 resin in an
industrial olefin separation process attributed over 56% of the process cost solely to Ag(I)
(Lemmo_ns, 1997). vDu‘é, to the high cost of AgNO, (estimatéd from Aldrich, 1997), it was
concluded that the adsorption process.using 51.7% Ag) exchangéd Amberlyst 15 resin

would not be economically feasible.

Olefin Adsngtion on Cation Exchanged Zeolites

The separation of ethylene and propylene from gés'streams using modified zeolites
has been investigated by Schoeller and Mueﬂer (1986). ‘By ion exchanging zeolites with
K*, Ba*, and Mg2+ ions, olefin separations were obtained by adsorption and by blocking

the transport of alkanes through the zeolite. Based on bréakthrough curves, retention times
for ethane and ethylene at 25 °C were 3 min and 15 min, respethiilly, for the Mg** zeolite.

In the separation tests, the olefin wbas desorbed by heating to temperaturés between 293 and
500 K while ﬂoWing nitrogen gas through the system. Olefin loadings per gram of
adsorbent were shown to depend on the exchanged ions and were 1.3‘5 mmol/g for K*,
1.71 mmol/g for Ba™, and 1.93 mmol/g for Mg™". | »

bTr.iebe et al. (1996) ihvestigated the utﬂity of Caz“’ exchanged z'éolités to séparate
olefins from paraffin streams. Scpara_tion studies on Caz_%’ zeblite showed that
olefin/paraffin adsofption ratios, reported as ratios of Henryfs law constants, ranged from

100 to 1100. The authors reported a heat of ethylene ads()rbtion on the Ca* zeolite of 13.9

kcal/mol and attributed the separation to physisorption interaction between the w-bond of

the olefin and the divalent Calcium sites in the zeolité.
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Infrared Spectroscopy of Sulfonated Polystyrene Resins and Polystyrene-Divinylbenzene
Resins

Infrared spectroscopy studies of cation exchanged polystyrenesulfonic acid resins
(Zundel, 1969; Bazuin and Fan, 1995; Burford et al. 1994) and polystyrene- |
divinylbenzene resins (Bartholin et al., 1981) were reviewed in Chapter III. | For reference,
a compiled list of infrared band assignments from Chapter I1I are provided in Tables 27 and

28.
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Table 27. Infrared Band Assignments of Polystyrenesulfonic Acid and
its Salts*>

vibration - “moiety band, cm™
-O-H stretch Water 3700-2500
=C-H stretch Phenyl | 3065, 3030
-C-H ant1, sym stretches | Backbone _2928, 2856
H-O-H scissor ' Water 1690-1640
“C-H skeleton Phenyl | 1601, 1495, T413
-C-H scissor . Backbone | 1451

"S=0 antisym. stretch | -SO;H | 1350
-S-O antisym. stretch -SO; | 1200 (spl_if)
-S=0 sym. stretch -SO;H 1172

"5-O sym. stretch S0, (1134

-C-H in-plane skeleton Phenyl: 1128

-C-H in-plane skeleton Phenyl = | 1097

-S-O sym. stretch - SO3‘ 1034
-C-H in-plane bend Phenyl 1011-1001
-S-O stretch -SO,H 907

-C-H out-of-plane b.end Phenyl © | 838 -

-C-H out-of-plane bend | Phenyl T

-C-C ring vibration Phenyl 671

2Zundel, 1969.
®Bazuin and Fan, 1995.
“Burford et al., 1994.
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Table 28. Infrared Band Assignments of Polystyrene-Divinylbenzene

Resin®

vibration moiety band, cm™
C=C T Vinyl 1680-1630
H-O-H Water T600-1602
“C-C, -C-H [ Phenyl 1600-1602
“C-C | Phenyl 1510
TC Phenyl 1492

C-C Phenyl 1484-14883
CC Phenyl 1351
—C-C Phenyl 1443
CH Vinyl 1410
C-H Phenyl 1026~
=CH __ |Phemyl | 1015-1018
=CH Vinyl 900-085
CH Phenyl 905
“CH Phenyl 838, 830
CH Phenyl 795-797
-C-H Phenyl 760

#Bartholin et al.; 1981.
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Experimental Results

: bAdsomtion and Desorption of Ethylene

Ethylene adsorption and desorption isotherms of the Ca(Il) exchanged Amberlyst
15 resin are presented in Figure 64. The data were collected at RT and 1 atm using the
TGA. As illustrated, the Ca(II) exchanged Antberlyst 15 resiﬁ adsorbs 0.43 mmol/g of
- ethylene at RT and 1 atm. The desorption isotherm shows that the Ca(II) exchanged

Amberlyst 15 resin irreversibly adsorbs 22% of the ethylene at RT.
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| Figure 64. Ethylene adsorption and desorption isotherms of Ca(II)

exchanged Amberlyst 15 resin.
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Ethylene adsorption of the Ni(II) and Na(I) exchanged Amberlyst 15 resins is
presented in Table 29. The data were collected at RT and 1 atm using the TGA. As shown,
the N i(IT) exchanged Amberlyst 15 resin adsorbed 0.32 mmol/g of ethylene, and the Na(I)
exchanged Amberlyst 15 resin adsorbed 0.25 mmol/g of ethylene. Due to the poor
adsorption capacities, complete isotherms were not collected on the Ni(II) and Na(I)
exchanged Ambérlyst 15 resin.-

Table 29. Adsorption of Ethylene on Na(I) and Ni(II) Exchanged Amberlyst 15 Resins

adsorbent ethylene partial temperature, °C ethylene adsorbed, mmol/g
pressure, atm ' :

Na([)resin | 1.0 125 0.25

Ni(Il[) resin | 1.0 25 _ 0.32

DRIFTS Spectra

The DRIFTS spectrum of the Ca(Il) exchanged Amberlyst 15 resin is presented in
Figure 65 and bands are assigned based on‘preyiqus_ reports -(Zundel, 1969; Bazuin and
Fan, 1995; Burféfd etal., 1994). In thé spectrum of the Ca(II) exchanged Amberlyst 15
resin, the bands of polystyrene-divinylbenzene, listed of the Table 28, are observed.
Strong and intense bands, 'a‘ssivgned to the OH stretch and HOH scissor vibration of water,
are respectfully observed at 3428 cm™ and 1640 cm™. A band centered at 1200 cm™ (split
at 1217 cm™ and 1178 cm™) and a band 1350 cm’, respectfully assigned to the
antisymmetric S-O stretch of the sulfonate anion and antisymmetric S=O stretch of the
sulfonic acid, are observed.. A band assigned to the in-plane bend of the phenyl is
observed at 1011 cm™. - »

The DRIFTS spectrum of the Na(I) exchanged Amberlyst 15 resin is presented in
Figure 66 and bands are assigned based on previous repdrts (Zundel, 1969; Bazuin and
Fan, 1995; Burford et al., 1994).' In the spectrum of the Na(I) eXchanged Amberlyst 15
resin, the bands of polystyrene-divinylbenzene, listed of the Table 28, are observed.
Strong bands, assigned to the OH stretch and HOH scissor vibration of water, are

respectfully observed at 3480 cm™ and 1640 cm™. A band centered at 1200 cm™ (split at
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1217 cm™ and 1189 cm™) and a band 1350 cm’, respectfully assigned to the antisymmetric
S-0 stretch of the sulfonate ‘anién and antisymmetric S=O stretch of the sulfonic acid, are
observed. A band assigned to the in—plaﬁe bend of the phenyl is observed at 1010 cm™. In
contrast toythe DRIFTS spectrum of the Ca(Il) exchanged Amberlyst 15 resin, a band,

assigned to the S-O stretch of sulfonic acid, is observed at 906 cm™.
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Discussion

.Data show that the Ca(Il) exchanged Amberlyst 15 resin adsorbs an additional 0.25
mmol/g of ethylene when compared to the 0.18 mmol/g of ethylene adsorbed by the
unexchanged Amberlyst 15 resin. Compared to the blefin adsorbents discussed in Chapter
I, the adsorption capacity of the Ca(Il) exchanged Amberlyst 15 resin is greater than the |
adsorption capacity of the activated carbon supported copper(l) chloride (Hirai et al., 1988)
but less than the other olefin adsorbenté. Thus, the Ca(Il) exchanged Amberlyst 15 resin
offers little economic incentive. ‘

Data show that the Ni(IT) and Na(I) éxchanged Amberlyst 15 resins, respectively,
adsorb an additional 0.14 mmol/g of ethylene a}ndzO.(.)7 mmol/g of ethylene than the
unexchanged Amberlyst 15 fesin. Howeﬂler, the édsorptio_n capacities of the Ni(II) and
Na(I) exchanged Am‘ber,lysit 15 resins fall far below that of Ca(I'I)‘ exchanged Amberlyst 15
resin and the previously reported olefin adsorbents. Thué, the Ni(II) and Na(I) exchanged
Amberlyst 15 resin offer no additional economic incentive.

Band changes‘in the DRIFTS spectfa of the Ca(II) and-Na(I) exchanged Amberiyst
15 resins indicate that the exchange removes the acidic proton bf the sulfonate groups. For |
example, in bothl spectra, the intensity of the bands at 906 cm-1 and 1350 cm-1, -
respectfully assigned to the S-O stretch and S=O antisymmetric stretch of the sulfonic acid,
d.ecre‘ase. As described previously by Zundel (1969) and Bazuin et al. (1996), the decrease
in intensity of these bands indiéates that the exchange displaces the acidic proton of the
suifonic acid. As observed in the Ca(II)-exChéngcd Amberlyst 15 resin, cation eXchange is
observed to completely remove the 906 cm-1 band. In accord with Zundel (1969), this
indicates the Ca(Il) e-xchaﬁgé ll'leaves no unexchanged sﬁlfonate sites. This is easily
rationalized since:the selectivity coefficient for Ca(Il)-H replacement is 2 times higher than
that of Ag(I)-H and 4 times higher than that of Na(I)-H.

Band changes in the DRIFTS spectra of the Ca(II) and Na(I) exchanged Amberlyst

15 resins indicate that the cation interacts with the oxygén of the sulfonate anion. For
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example, when compared with the DRIFTS spectrum of the unexchanged Amberlyst 15
resin, the DRIFTS spectra of the Ca(Il) and Na(I) exchanged Amberlyst 15 resin show
split bands, centered at 1200 cm™. In agreement with Zundel (1969) the split of the 1200
cm’' band, assigned to the symmetric stretch of fhe S-O bond of the sulfonate anion
interacting with the metal cation, indicates the metal cations are attached to the oxygen of
the sulfonate anion. |

Consistent with Zundel (1969) and Bazuin and Fan (1996) and the conclusions
based on the DRIFTS spéctra of the Ag(I) exchanged Amberlyst 1 5;‘revsins in Chapter III,
these changes in the sulfdnate bands, observed iﬁ the DRIFTS spéctra of the Ca(II) and
Na(I) exchanged Amberlyst 15 resins,:indicate that the active sites for cation exchange on
the Amberlyst 15 resiné are the sulfonate groups. _

The infrared bands observéd m the DRIFT S spectra of the Ca(Il) and Na(I)
exchanged Amberlyst 15 resins indicaté that cation‘exéhange reorganizes the hydration
structure of the Amberlyst 15 resin. For example, when compared with the broad and
continuos water bands in the DRIFTS spectra of the unexchanged Amberlyst 15 resin, the
isolated OH bands of water, obsefved in both spectra, indicate reorganization of the
hydration structure around the metm cations. In accord with the postulated structures
reported by Zundel (1969), the isolated OH bands of water imply that the hydration
Structure of the Amberlyst 15 is more organized after cation exchange and that the structure
may consist of water molecules which are bound to cation and hydrogen bonded to
surrounding un¢xchanged sulfonate groups. DRIFTS spectra of the Ag(I) exchanged
Amberlyst 15 resins in Chapter I1I indicated similar results.

The infrared bands observed in the DRIFTS spectra 6f the Ca(Il) and Na(I)
exchanged Amberlyst 15 resins indicate that the Amberlyst 15 resins retain significant
quantities of moisture. For'exam‘ple, in both spectra very intense water bands are observed
in the OH stretching and HOH scissor vibration regions indicating significant moisture

content. These results are consistent with DRIFTS spectra of the Ag(I) exchanged
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Amberlyst 15 resins in Chapter III which indicate that the Ag(l) exchanged Amberlyst 15

resins also have a high moisture content.
Conclusion

| When corhpared with the unexchanged Amberlyst 15 resin, the Ca(II‘),V Na(l), and
Ni(II) eXchanged Amberlyst 15 resins show enhanced ethylene adsorption capacities.
However, the capacities are only moderate when compared With the 1.15 mmol/g ethylene
adsorption capacity of theAg(I) exchanged Amberlyst 15 resin and the olefin adsorption
capacities of the soluble and solid olefin adsorbents. As a result,. the alternative cation
exchanged Amberlyst 15 resins,‘having very poor adsorptioh capacities, offer NO economic
advantage ovef Ag(D) eXchanged Amberlyst 15 resins. -In addition and in agreement with
data in Chapter III, the DRIFTS speetra of the Ca(II) and Na(I) exchénged Amberlyst 15
resins indicate the.fellowing; (1) the sulfonate: grodps are the ae‘tivesites for cation
exchange on the Amberlyst 15 resin; (2) the cation exchange 'reorg_anizes the hydration
structure of the Amberlyst 15 resins; and (3) the Amberlyst 15 vr‘esin‘s contain residual

moisture.
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CHAPTER VI

PROPOSED ACTIVE SITE(S) FOR OLEFIN ADSORPTION
- ON Ag(I) EXCHANGED AMBERLYST 15 RESINS

Summary

In Chapter III, DRIFTS and NMR spectra"indicate that the sulfonate groups are the
active sites fof Ag(D).exchange on the Amberlyst 15 resin. Nitrogen adsorption data,
mercury porosimetry data, and SEM images indicate that the structural properties of the
Amberlyst 15 resin are not modified by Ag(I) exchange. EDXAS profiles show that AgD)
is homogeneously distributed wi‘thin the Amberlyst 15 resin bead. In Chapter IV,
adsorption studies indicate the followmg, (1) Ag(I) exchanged Amberlyst 15 resms
selectively adsorb ethylene over ethane (2) ethylene adsorption capacities fall at high Ag(I)
loading but are surprisingly h1gh at low Ag(I) loading, corresponding to ethylene/Ag(I)
mole ratios greater than 2.5, and (3) ethylene is not ehemisorbed at low Ag(I) loading; only
a small amount of ethylene is chemisorbed at high Ag(I) loading. Heats of ethylene
adsorption and DRIFTS-HTEC spectra provide no evidence for chemisorption of olefin.
In Chapter V, curve fits and fitting nar'ameters indicate the proposed two site adsorption
model of Yang and Kikkinides isotherm equation inadequately represents ethylene
adsorption on the Ag(I) exchanged Amberlyst 15 resin. |

In Chapter VII, a model compound study is reported with respect to alternative sites
for Ag(I) interaction on Amberlyst 15 resin. Active sites and a model for-ethylene
adsorption on Ag(I) exchanged Amberlysf 157 resins are pfoposed. The model compound
study provides no evidence for Ag(l) interactions with unsaturated systems of the |
Amberlyst 15 resin, and the proposed active site model for oleﬁn adsorption is consistent

with spectroscopic analysis and /adsorption studies.
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Experimental Approach

In Chapter VII, nuclear magnetic resonance spectroscopy (NMR) is used to
characterize possible interactions of Ag(I) (i.e. from silver trifluoroacetate) with p-

toluenesulfonic acid and 4-styrenesulfonic acid sodium salt. These compounds were

chosen because each represents a monomer unit of the Amberlyst 15 resin.

Background

Macroreticular Polystyrene-Divinylbenzéne Ion Exchange Resin

Accbrding to Albright (1986), Guyot (1‘988), ‘Kressman et al. (1962, 1963a,
1963b, 1964), and Kunin et al. (1962), macroreticular polystyrene-divinylbenzene ion
exchange resins, illustrated in Figure 67,typically' cdntain greéter than 5% divinylbenzéne'
(DVB) crosslinking, and depending on preparati‘oh _éonditions (i.e. temperature, dilutents,
extraction of dilufént, dfying, DVB cbntenf), the rhacroreticular resins consist of
agglomerates of micro-gel spheres which are linked together forming continuous pore

channels.

Pore Channel

Figure 67. Macroreticular polysty'rene-divinylbenzene ion exchange resin.

In macro-resins, the micro-gel spheres, similar to conventional.polystyrene-divinylbenzene
resins, consist of a high degree of divinylbenzene crosslinking, contain the majority of
exchange sites, and retain a smaller fraction of the moisture content. On the other hand, the

pore channels of macro-resins range from 20-1000 nm, contain fewer exchange sites, and
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retain a larger fraction of the moisture content (Albright, 1986; Kressman et al., 1963a,

1963b, 1964).

Alternative Sites for Ag(I) Interaction on Poiystyrene and Sulfonated Polystyrene-

Divinvlbenzene Resins

Donovan and Mowat (1995) studied polystyrene and Ag(I) doped polystyrene by
matrix-assisted laser desorptibn/ionization (MALDI) and time-of-flight mass spectrometry.
Comparison of the mass spectra of samples showed thét polystyr;:ne peaks narrowed and
were split into doublets after the addition of Ag(I). Based on reported binding energies
(230 kJ/mol) betWeen benzene and Ag(I) (Afzaal and Freiser, 1994), which were evaluated
by Fourier transform ion cyclotron resonance mass Spectrometry, Dono&an and Mowat
(1995) attributed spectral changes to the formation of Ag(I)—polystyfene adducts.

Gregor (1951) evaluated alkali metal-H* selectivify coefficients of conventional
sulfonated polysfyrene-divinylbenzene resins (Dowex 50). Results indicated that
selectivity coefficients decreased with decreasing water content and increasing cation
exchange. Based on these conclusions, Vaﬁations in .selectivity coefficients were attributed
fo osmotic pressure changes which resulted from different hydrvatedbionic volumes (i.e. size
of the ion hydratioﬁ sphere).

Bonner and Rhett (1953) evaluated Ag(I)-Na(I)-H* selectivity coefficients of
conventional sulfonated polystyrene-divinylbenzene resins (Dowex 50) using Ag(I)
radioactive tracer techniques. Analyses indicated that Ag(I)-H" selectivity coefficients
progressively increased with decreasing water content. Based on these resulfs and the fact
that the hydration sphere of Ag(I) is smaller than that of H*, Bonner et al. (1956) negated
the previously proposed osmotic pressure theory (Gregor, 1951).

Hogfeldti et all. (:1958), in studyiﬁg single beads of conventional sulfonated
polystyrene-divinylbenzene resins (Dowex 50) from the same lot, reported that selectivity
coefficients varied from bead to bead. Based on these results and previous theories (Boyd

and Myers, 1956; Bonner et al., 1956), Hogfeldt et al. (1958) suggested the resin beads
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have different types of exchange sites which are distributed differently in different beads.
In an attempt to explain variations in the selectivity coefficients of sulfonated
polystyrene-divinylbenzene resin beads, a physical model and a chemical model for the
chemically different exchange sites were proposed (Hogfeldt et al., 1958). The physical |
model] was based on a continuum of chemicallyv’ different exchange sites which varied from
bead to bead and Withiri a bead. These chernically different sites were proposed to result
from variations in the physical properties (i.e. density, porosity, etc.) and bead structures.
The chemical model, illustrated in Figure 68 and also recently proposed by Sastre et al.
(1997), was based on two distinct and chemically different exchange sites, one exchange

site located on polystyrene and the other on divinylbenzene.
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SO,H

polystyrene site

Lz 1

N

SOH.

divinylbenzene site

Figure 68. Proposed chemical exéhan'ge sites of vsuzlfonated polystyrene—divinylbenzene .
resin.

Hogfeldt ét al. (1958) suggested that if the chemical modeli were correct, there should exist
a correlation between the amount of divinylbenzene and the fraction of the two exchange
sites. Based on the physical and chemical models, Hogfeldt et al. (1958) theoretically ’
calculated Ag(I)-H* seleéti_vity coefficients of sulfonated polyStyfene-divinylbenzene (10%)
resin. Calculations, based on the physical model, :shovwed'a, cbntinuous distribution of
selectivity coefficients that ranged from 2.5 to 420. Caléulations, based on the chemical
model, ascribed 10% of the resin caévacity to the divinylbenzene sites with a selectivity
coefficient of 224 and 90% to the polystyrene site with a selectivity coefficient of 4. Based
on these results, the authors concluded both models fit the experimental data well and

suggested additional research was needed to differentiate between the models.

178



Ag(D)-Olefin Complexes

* As discussed in Chapters I and IV, Ag(I) interacts with olefins through the

formation of a t-bond. Dewar (1951), Chatt and Duncanson (1953) explained the m-bond

using the following scenario. The olefin donates electron density from its wt-orbital into the

empty s orbital of the metal, and the filled d orbital of the metal donates electron density

back (i.e. backbonding) into the empty anti-bonding orbital of the olefin.

As reviewed in Chapter IV, nt-bonds between olefins and transition metals have

been characterized by infrared spectroscopy (Noltes et. al., 1970; Scott, 1973; Tsai and
Quinn, 1969; Brandt, 1959; Nagakufa and Hosoyé, 1963; Yates et al., 1966; Busca et al.,
1992; Nagendrappa and Devaprabhakara, 1968), and“intera'c},t.idns between unsaturated
systenis and Ag(I) have been evaluated using protbn" nuclear rhagnetic resonance
spectroscopy (Schﬁg and Martin; 1962). Upon éoordiﬁation to transition metals, the
infrared data indicated tﬁat ‘the symmetry of the C=C Qlefiyn bond is disturbed, shifting the
infrared C=C vibrational band of the oieﬁn to lower wavenumber. The proton NMR

- spectra showed that the olefinic protoﬁs shift downfield upon complexation with Ag(I).
For example, NMR spectra showed that the olefin protons of éyclohexene shift 0.69 ppm
downfield and thoselof benzene shift 0.21-0.87 ppm downfield upon complexationﬁ with

Ag(I). Based on these spectral results, donation of electron density from the olefin into the
T-bond was.predicted to dominate the oIeﬁn—Ag(I) interaction. -

Many surface studies have evaluated the orientation of olefin when bonded to
surface-supported transition metals (Albert et al., 1982; Carr et al., 1985; Bao, 1995). The

main consensus of those studies is that one olefin lies parallel to the surface of the metal in

order to accommodate proper overlap of the n-orbitals. As noted here and in Chapter I, the

Dewar, (1951) Chatt, and Duncanson (1953) bonding model and previous olefin
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adsorption studies also limit olefin/metal ratios of supported transition metal olefin
adsorbents to 1. However, in a review on Ag(I)-olefin complexes in solution, Tsai and
Quinn (1969) described studies in which olefin/Ag(I) ratios exceeded 1. For example, a
(CyoH,0);AgBF, aqueous solution complex was fully characterized and shown to have an
olefin/Ag(I) ratio of 3 (Quinn, 1968). In the complex, the olefin molecules Werebfound to
be trigonally positionéd about the Ag(I) atom. The ahthors suggested that the closed d shell
of the Ag(I) ion formed higher olefin/Ag(I) mole ratio complexes because the closed d shell
allowed the smallest differences between the destébilization introduced by replacement of
the waters of hydration with olefin and the stabilization introduced by charge delocalization

from olefin to metal.

Experimental Results

1

H NMR Spectra Qf Model Compounds

The 'H NMR spectrum of p-toluenesulfonic acid in 80% acetonitrile-d/20%
deuterium oxide is presented in Fi_}gure;»6‘9. In the spectrum, an AA’XX splitting pﬁttem of
the phenyl protons is observed. The solvént prétofl élnd the methyl protons, having no -
nearest neighbors, are observed as singlets. |

The 'H NMR spectrum of Ag(I) exposed p-toluenesulfonic acid in 80% acetoni:trile-‘
d;/20% deuterium oxide is presented in Figure 70. In the spectrum, the phenyl and vinyl
proton resonances are unaffe¢t¢d by Ag(I) cation, and no new resonances are observed.

However, the solvent proton is observed to shifthpﬁeld.

The '"H NMR spectrum of '4->styrenesulfon'ic' acid sodium salt in 80% acetonitrile-
d;/20% deuterium oxide is presented in Figure 71. . In the spectrum, an AA’XX splitting
pattern of the phenyl prdtons is obsefvéd. In addiﬁon, an ABX splitting pattern of the
vinyl protons is observed. The solvent proton, having no nearest neighbors, is observed as

an intense signal.
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The 'H NMR spectrum of the Ag(I) exposed 4-styrenesulfonic acid sodium salt in
80% acetonitrile-d;/20% deuterium oxide is presented in Figure 72. In the spectrum, the
phenyl and vinyl proton resonances are unaffected by Ag(I) cation, and no new resonaﬁces

are observed. However, the solvent proton is observed to shift downfield.
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13C NMR Spectra of Model Compounds

The "C NMR spectrum of p-toluenesulfonic acid in 80% acetonitrile-d /20%
deuterium oxide is presented in Figure 3. In the spectrum, five different resonances, which

represent the five chemically distinct carbons of p-toluenesulfonic acid, are observed.

The *C NMR spectrum of Ag(I) exposed p-toluenesulfonic acid in 80%
acetonitrile-d,/20% deuterium oxide is presented in Figure 74. In the spectrum, the five |

carbon resonances are unaffected by Ag(l) cation and no new resonances are observed.

The "C NMR spectrum of 4-styrenesulfonic acid sodium salt in 80% acetonitrile-
d,/20% deutefiu’m oxide is presented in Figure 75. In the spectrum, six different
fesonances, which represent the six chemically distinct carbons of the compound, are

observed.

The ‘3¢ NMR spectrum of Ag(I) eXposed 4-styrenesulfonivcbacid sodium salt in
80% acetonitrile-d/20% deuterium oxide isbpre_s‘ented in Figure 76. In the spectrum, the
six carbon resonances are unaffected by Ag(I) cation and no new resonances are observed.

For reference, the °C spectrum of silver trifluoroacetate in 80% acetonitrile-d 120%
deuterium oxide is provided in"Figure 77. Inthe spectrum, the upfield resonance of the
CF, and the downfield resonance of the carbonyl are split into a quartet due to F coupling.
In addition, the carbon resonances of acetonitrile are observed at 1.3 and 119 ppm (Kegley

and Pinhas, 1986) in all the *C NMR spectra.

186



solvent

< = 0 10
DO~
SMmMoONO
NN 2o
oo™ Y-
NN MO -

LSS8E
-
MN~NO LW
ﬁ:v—(’)@‘f
NN O W~
Tt MO NN
—— -

E.

Q.

(=%

solvent

Figure 73. ®C NMR spectrum of p-toluenesulfonic acid in 80% acetonitrile-d,/20%
deuterium oxide.

187



solvent s}

dend obh 4
\ag)

=0+ N ]
N wooo
<t <t <t © © -
O.ON I ™
LMo 0w
S~ AND -
Noocomco ]
, Iv—.v—m -
T O MmN © ]
QoMo O ]
TN r
NN O r
Sttt O NN
Ll ol ol -
4
E
Q.
o

solvent  ———J

Figure 74. >C NMR spectrum of Ag(I) exposed p- toluenesulfomc acid in 80%
acetonitrile-d,/20% deuterium oxide.

188

LN SED e e s ¢ l‘rrr,v’-vr
80

Y Ty

ppm

f
40 20

LEmS Jam e gam man aae 2

T,.
100

t20




ndd 02 oy 09 e 0ot 0z} ovy
..»..hirr.....—-..- T URTVOT VAT VT W0, STV DU WA VU U0 VW S WU S S B V00 W T UL TV PPV | 1
=1
L
>
696¥S°¥088 9997911 |
. 906.€°16G6 260°L21
g 88LLE°G196 1b'L2L
= £v2Ev2e0l 108 9EL -
? - 68602901  SEL°OVI
g6e vh 1

§526°96801
,_ ZH

wdd

Figure 75. “C NMR spectrum of 4-styrenesulfonic acid sodium salt in 80% acetonitrile-

dy/20% deuterium oxide.

189



solvent

H

Hz
144.635 10915.3142
140.659 10615.2534
136.986 10338.0594
127.243  9602.77472
127.152 9595.90714
116.757 8811.41728

ppm

solvent

AR
60

T

120

Y

Figure 76.. °C NMR spectrum of Ag(I) exposed 4-styrenesulfonic acid sodium salt in
80% acetonitrile-d,/20% deuterium oxide.

190



wdd 02 ov 09 [1}:4 oot ozt avt 091
PRI IR S Y SV UR U S IRV IR S MU BT ST S0 o O

B | _ - -

PRV S W S FESPIDE UFPUR STV N VAN VAN T SN JA ST S0 ST S [N WY YU U AV SUOT S0 UG TN A ST VY S A0 [ ST YU VU SO U DA ST G S8 S0 ST VP S S0 TP U SO ST U0 U WY S 0

udd 1244 911 g1t g2t 22t b21 921 g , wdd @-29T 0°€£97T 0 9T

aatsaea ot s basanda et e Lo tasaalssatisaaly rri_._...C____r_._._:__._:_._ wabvwd ooaggo by
2
9g'eLv8 : 16y LLL
£5°90/8 , 9.€°SlL1
S$8°0006 : 9.2°61L1
91'6626 glLe 62 JA N TA]
6228612t L9161
68S 2€ee! 2oL 29l
980°89z21 £.6°291
ghb-zoeet  9seve 820°£91
zZ{ zH Btiydnoo - wdd

solvent

191

Figure 77. *C NMR spectrum of silver trifluoroacetate in 80% acetonitrile-d/20%

deuterium oxide.



Discussion

As reported in Chapter IV, the ethylene/ethane adsorption data, collected on Ag(I)
exchanged Amberlyst 15 resins as a function of Ag(I) loading and binary stream
composition, show obvious adsorptioﬁ trends. For example, ethylene/Ag(I) mole ratios,
which exceed 2 at low Ag(I) loadings, fail below 1 at Ag(I) loadings higher than 29 % of
the exchange capacity of the Arhberlyst 15 resin. The ethylene/ethane selectivities increase
at higher Ag(D) loadings and show an increased temperature dependence at higher Ag(I) -
loadin}gs. The ethane adsorption capacities decrease at higher Ag(I) loadings. The
quantities of irreversibly adsorbed ethylene also increase at higher Ag(I) loadings. These
adsorption ;rends strongly indicate that Ag(I) eichanged Amberlyst 15 resins have different
types of Ag(l) exchanged sites which have different affinities for ethylene. For example,
adsorption sites, which Weakly adsorb multiple ethylene molecules, are prevalent at low
AgD) loading,v and other adsorption sites, WHich more strongly adsorb one or fewer
ethylene molecules, are prevalent only at high Ag(I) loading. Based on these results, the
following discussions introduce, support, and/or disregard hypotheses which explain the
adsorption trends of Ag(I) exchanged Amberlyst 15 resins.‘ |

Donovan and Mowat (1995) and Schug and Martin (1962) suggested that Ag(I)
interacts with benzene rings of polystyrene. Based on these results, it is suggested that.
Ag(I) interacts with unsaturated groups of Amberlyst 15 resins, and the unsaturated-Ag(I)
sites promote adsorption of ethylene. In disagreement with this sﬁg gestion, our 'H and C
NMR spectra show no preferential iﬂteréction of Ag(D) with ihe unsaturated systems of the
model compounds. These observatioﬁs are in agreement with DRIFTS and NMR data in
-Chapter I1I which indicate no change in the unsaturated SYstéms of the Amberlyst 15 resin
after Ag(D) exchange, and that the Amberlyst ‘15 résin doés not ébnta‘in a significant quantity
of unpblymérized vinyl groups. Therefore, the possibility that ethylene is édsorbed on

Ag(I)-unsaturated sites is not consistent with experimental results.
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Dixit and Yadav (1996) showed that the structure of Amberlyst 15 resin can be
physically altered by alkylation reaction, and that these alterations drastically affect the
transport of molecules into and within the polymer network. Based on these results, it is
suggested that Ag(I) exchange may facilitate structural changes in the Amberlyst 15 resin,
and these structural changes may selectively trap and/or retain olefin in discrete locations
within polymer networks. . In disagreement with this suggestion, nitrogen adsorption,
mercury porosimetry, anid SEM images, collected on unexchanged and Ag(I) exchanged
resin beads, indicate that Ag(I) exchange does not modify the physical properties or
structure of the Aniberlyst 15 resin, and that the physical properties do not vary from bead
to bead. Furthermore, hydrated Ag(I) cation hasa smaller hydration sphere than H" and a
higher éelectivity coefﬁcient (Bonnet and Rhett,- 1953; Helfferich, 1962) allowing for '
improved diffusion of hydrated Ag(I) into and Within’ the Amber'lyst 15 resin bead. The
diffusion of hydrated Ag(I) into and .through the resin beads is supported by previous
diffusion studies (ded and Soldanc, 1954) and EDXAS images and DRIFTS spectra in
Chapter III, which indicate that hydrated Ag(I) is homogenecusly dispersed within the
structure of the Ag(I) exchanged Amberlyst 15 resin bead. Based on these resnlts, the
hypothesis that ethylene is adsorbed in pockets and/or trapped in restricted areas of the
Amberlyst 15 resin created by Ag(I) exchange is not consistent with experimental results.

Since physical modifications of the Amberlyst 15 resin structure and alternative
sites for Ag(I) interaction on the Amberlyst 15 resin do not facilitate the adsorption trends
- of Ag(D) exchanged Amberlyst 15 resins, and DRIFTS and NMR .data show that sulfonate
sites are the sole sites:for ion exchange on Amberlyst 15 resms an altematlve hypothesis
for the adsorption trends of Ag(I) exchanged Amberlyst 15 resins is that Amberlyst 15
resins have different sulfonate exchange sites which preferentially exchange hydrated Ag(I)
caticn resulting in Ag(I) site which have different afﬁnities for ethylene. For example, at

low Ag(I) loadings, hydrated Ag(I) cations on preferred exchange sites weakly adsorb
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multiple ethylene molecules, while at high Ag(I) loadings, hydrated Ag(I) cations on less
preferred exchange sites more strongly adsorb one or fewer ethylene molecules.

Literature precedence for different exchange sites on both conventional and
macroreticular sulfonated polystyrene-divinylbenzene ion exchange resins' exists. For
example, Gregor (1951), Bonner and Rhett (1953), Bonner et al. (1956), Boyd and Myers
(1956), Hogfeldt et al. (1958) and Saster et al. (1997) experimentally observed different
cation selectivity coefﬁcients for resin beads. Based on these observations, the authors
attributed the different selectivity coefficients to a distribution of different eXchange sites
within the resin beads. Based on their results and the adsorption trend of the Ag(I)
exchanged Amberlyst 15 resin, it is suggested that the higher selectivity coefficients
represent exchange sites which preferentially exchange hydrated AgD cations at lower
Ag) loadings resulting in the adsorption of more than one ethylene molecule. By
analogy, the lower selectivity coefﬁcients frepresent'exchange sites which subsequently
exchange hydrated Ag(i) cations at higher Ag(I) loadings resnlting in the adsorption of one
or fewer ethylene molecules.

These assertions are rationalized by combining acid/base chemistry, electrostatic
interaction strengths, and the adsorption trends of Ag(I) exchanged Amberlyst 15 resins.
For example, the preferred exchange sites should be more acidic (i.e. weaker conjugate
base). Therefore, electrostatic interactions between preferred exchange sites and Ag(I)
cations should be weak, allowing the Ag(I) cations to retain positive charge. On the other
hand, the less preferred exchange sites should be le_ss acidic ( Le. stronger conjugate base).
Therefore, electrostatic interactions between the less preferred exchange sites and Ag(I)
cations should be stronger; resulting in donation of negative: charge to Ag(I) cations and
displacement of positive charge from Ag(I) cations. Based on these electrostatic
interactions, it is snggested that hydrated Ag(I) cations on oreferred.exchange sites (i.e.
sites 'at low Ag(I) loadings), which retain significant positive charge, readily accept

additional electron density from more than one ethylene molecule. In contrast, hydrated
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Ag(I) cations on less preferred exchange sites (i.e. sites at higher Ag(I) loadings) only
accept limited electron density from‘oné or fewer ethylene molecules due to buiid up of
negative charge. These electronic interactions are in accord with spectroscopic studies
which show that olefins primarily donate electron density to Ag(I) cations (Noltes et. al.,
- 1970; Scott, 1973; Tsai and Quinn, 1969; Brandt, 1959; Nagakura and Hosoya, 1963;
Yates et al., 1966; Busca et al., 1992; Nagendrappa and Devaprabhakara, 1968; Schug and
Martin, 1962). In cdﬁclusion, the experiméntal adsorption data and literature reports
conclusively subpo’rt different types of Ag(l) exchanged.sites on the Amberlyst 15 resin.
Based on this conclusion, the discussions that follow speculate on the locai environments
and locations of the different exchange si_tes Within the macroreticular Amberlyst 15 resin
bead. | |

Tasi and Quinn (1969) reviewed Ag(I)-olefin complexes in-aqueous solution and
reported that (C,,H,,);AgBE,, ;i spectroscopic-allby characterized solution complex, has an
olefin/Ag(I) ratio of 3 (Quinn, 1968). In contrast, surface bonding models (Dewar, 1951;
Chatt and Duncanson, 1953), surface studies (Albért et al., 1982; Carr et al., 1985; Bao,
1995), and adsorption studies on surface supported adsorbents (Yang and Kikkinides,
1995; Yang et al., 1997; Hirai et al., 1985; Blytas, 1990; Keller, 1990; Doyle, 1988;
Komiyama, 1989; Tabler, 1985) have yet to report and/or predict olefin/metal ratios greater
than 1. Analogous to these results and models and in agreement with the adsorption trends
of Ag(I) exchanged Amberlyst 15 resiné, it is suspected that Ag(I) cations on preferred
exchange sites (i.e. ilowe'r Ag) loading) must behave like Ag() in.sbolution while Ag(D)
cations on less preferred exchange sites (i.e. higher Ag(l) loading) must behave like Ag(l)
on a surface. This solution/surface analég‘y is in accord with DRIFTS spectra of Ag(I)
exchanged Amberlyst 15 ‘resins presented in Chapter ITI which show that the extent of
hydration decreases with increasing Ag(I) loading.

As reported, macroreticular resins are primarily composed of a gel phase, which

consists of interconnected micro-gel spheres that form pore channels within the polymer
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bead. (Albright, 1986; Kunin et al., 1962). The gél phase is high in divinylbenzene

; concentration, contains the majority of the exchange sites, and retains less moisture

content, while pore surfaces in the channels contain fewer exchange sites and retain the
majority of the moisture content. Based on reported selectivity coefficients (Helfferich,
1962), the exchange sites in the gel phase yad'sorb Ag(I) preferentially over exchange sites in
the pore SIirfacé. This 1s ratiQnalized by the fact that the gel phase contains the majority of
exchangé Sites, and that exchangeable protoris in the gel phase, which are more acidic and
less stable, are preferentially displaced.‘ In concluston, the gel phase is believed to contain
both the preferred and less preferred exchange sites of the Amberlyst 15 resin.

Hogfeldt et al. (1958) and more recently Saster et al. (1997), based on different
selectivity coefﬁcients of both conventional and macroreticular resin beads and curve fitting
analyses, suggested an alternative explanvation‘for‘ different selectivity coefficients.
Hogfeldt et al. (1958) and Saster et al. (1997), based solely on cufve' fits, attributed higher
selectivity coefficients to exchange sites on divinylbenzene and lower selectivity
coefficients to exchange sites on polystyrene. Based on these assertions, Hogfeldt et al.
(1958) suggested that the different Selectivity coefficients should correlate with ‘the percent
of divinylbenzene crosslinking. Since the divinylbenzene content of Amberlyst 15 resin is
20%, and the adsorption trends of Ag(I) exchanged Amberlyst 15 resins indicate that the
less preferred adsorption sites begin to dominate at 20-30% of the exchange capacity,
correlation of the divinylbenzene content and‘ adsorption trends suggests that hydrated
Ag(D) cations én preferred divinylbenzene exchange sites (i.e. lower Ag(I) ldading) adsorb
more than one ethylene mqlecule. By analogy, hydrated Ag(I) cations on less preferred
polystyrene exchange sifes (i.e. higher Ag(I) ‘loa‘ding) adsbrb one or fewer ethylene
molecules. Alterriatively, due to i)ossible steric interactions between ethyl groups and
sulfonate groups of divinylbenzene, steric effects of diVinyl_benzene exchange sites may
also promote differences between Ag(I) exchanged sites of divinylbenzene and polystyréne

since steric interactions between sulfonate and substituents are not possible on exchange
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sites of polystyrene. Although the two chemically distinct exchange sites are in agreement
with the high concentration of divinylbenzene in the gel phase of the Amberlyst 15 resin,
literature support for these two distinct exchange sites is limited..

In conclusion, the experimental data indicate that Amberlyst 15 resins have different
types of exchange sites that preferentially exchange Ag(I) cation resulting in Ag(I) sités
which have different affinities for ethylene“ adsorption. While manybtheories have been
suggested to expiain the different exchange sites, the experimental data provide no
conclusive evidence to specifically identify and/br differentiate the best theory, exact
locations, local environments, or poséible steric iptéractions of the different types of
exchange sites within the‘ Amberlyst 15 resin. Therefore, in Chapter VIII additional studies
are suggested to characterizevthe _location and local envirpnments of different éxchange sites

within the Amberlyst 15 resin bead.
Conclusion

Model compound studies show that Ag(I) does not preferentially intéract with
unsaturated systems of the Amberlyst 15 resins, ruling out possible Ag(I)-unsaturated sites
for ethylene adsorption on the Ag(I) exchanged Amberlyst 15 resins. The experimental
data indicate that ethylene is not physisorbed in pockets or trapped in isolated areas of the
resin created during Ag(I) exchange. In agreement with previous reports on macroreticular
ion exchange resins, the experimental data indicaté that Ag(I) eXchanged Amberlyst 15
resiné have different exchange sites which ‘preferentiallyv exchange Ag(l) cation resulting in

Ag(I) sites which have different affinities for ethylene.
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CHAPTER VIII
FUTURE STUDIES
Summary

Since a commercially viable olefin adsorbent and/or olefin adsorption process is not
available, the work conducted in this study was initially proposed as a collaborative effort
between chemists and engineers to develop a more efficient and economical adsorbent and
adsorption process for the separation of olefins from paraffin streams. The cheniistry goals
were to; (1) develop and/or identify a potentially applicable adsorbent; (2) characterize the
adsorption properties of the adsorbent under conditions re_presentative of industrial process;
and (3) identify avenues to reduce costs and improve _the adsorption capacity and
olefin/paraffin selectivity of the adsoibent. "The engineering goals were to use the
adsorption results to develop technical and economic models for an adsorption process tiiat
were compatibie with the selected adsorbent and could be incorporated into commercial |
units which prodnce olefin-containing streamé.

As reported in this study, the chemistry goals have been attained. For exainple,
binary adsorption and olefin/paraffin selectivity data have been collected which indicate that
Ag(I) exchanged Amberlyst 15 resins selectively adsorb ethylene over ethane. In addition;
experimental results, presented in this study, suggest that Ag(I) exchanged Amberlyst 15
resins have different Ag(I) exchanged active sites. The data show that Ag(I) exchanged
active sites, prevalent at low Ag(I) lqading? efficiently adsoib olefin, while Ag(I)
exchanged active sties, prevalent at high Ag(l) ‘loading, inefﬁciently adsorb olefin. Since
preliminary cost analyses indicat‘e‘high'Ag(I) exchanged Amberlyst 15 resins exceed
industrial costs, the more efficient low Ag(I) exchanged activesites should provide a route
for designing improved and more economical olefin adsorbents. However, additional
studies are needed to further evaluate these active sites and eventually exploit their use in

the development of improved and more economical olefin adsorbents. The engineering
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tasks, which will asses the commercial viability of the adsorbent, are currently in initial
stages of development.

In Chatpter VI, the engineering studies, which will be performed using the
temperature dependent binary adsorption data collected on the Ag(I) exchanged Amberlyst
15 resin, are briefly described. Additional studies are propdsed to evaluate olefin
adsorption on Ag(I) exchanged Amberlyst 15 resins under conditions more representative
of industrial processesv and further characterize the different Ag(I) exchanged active sites of

Ag(I) exchanged Amberlyst 15 resins.
Adsorption

Using the temperature dependent binary adsorption data, reported in this study, the
engineers will: (1) develop mathematical adsorption models, basedb on pressure swing
and/or temperature swing precesses; (2) develop a practical adsorber bed and adsorber unit;
and (3) use process simulators such as ASPEN PLUS™ and SPEEDUP™ to optimize the
adsorber unit and make preliminary estimates of the energy savings,'waste reductions, and
costs of replacing existing technelogies with the alternative adsorption process. Results
will indicate adsorbent improvements (i.e. stability, adsorption capacity, selectivity,
regenerability, etc.) and adsorber unit design changes, both of which are needed to
redesign the adsorbent, adsorber model, and/or adsorber unit to meet industrial
requirements.

Since most industrial separation precesses' operate in streams containing more than
two components, olefin adsorption capz{cities and ,oleﬁn/pa'rafﬁn selectivities of the Ag(I)
exchanged Arnberlyst 15 resin in more complex streams would provide additional
adsorbent information for better adsorber unit design. Based cin these assumptions, the
MDA has been further designed and used to measure adsorption in a ternary stream
composed of 20% ethylene, 10% ethane, and 70% nitrogen. Preliminary studies have

shown the ethylene/ethane selectivities dramatically drop in nitrogen streams. Based on
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these experimental results, further evaluations of the MDA and adsorption in ternary

streams are suggested.
Ag(D) Active Exchange Sites

Asv described in the summary, experimental data in this study support different
Ag(I) exchanged active sites for olefin adsorption on Ag(I) exchanged Amberlyst 15 resins
but do not differenfiéte the local environment or location of these sites within the resin

| beads. To diffe;entiate and further evaluate the sfructure and electronic properties of these
Ag(I) exchanged sites, the following studies are suggested.

Measuri_ng the olefin adsorption capacitiés and olefin/Ag(I) ratios of Ag(I)
exchariged resins crosslinked with different amounts of divinylbenzene should test the
theory that olefin édsorption on Ag(I) exchanged Amberlyst 15 resins is related to Ag(D)
exchanged active sites of divinylbenzeﬁe. Increasing ethYlene adsorption capacities and
ethylene/Ag(I) rhol ratios with increasing amounts of divinylbenzene at cénstant Ag(D)
exchange would support the suggestion that the mbrev' active Ag(I) eXchanged sites are
associated with divinylbenzene. |

Measuring olefin adsorption capacities and olefin/Ag(I) ratios of Ag(I) exchanged
sulfonated polystyréne resins, which are crosslinked with fluorinated divinylbenzene,
should describe the electronic properties of the divinylbenzene sulfonate exchange sites.
Due to the electron withdrawing éharacteﬁstics of fluorine, the -SO,H groups on the
divinylbenzene would be much more acidic and vebxchange mofe readily. This should
increase the quantity of Ag(I) VéXchanged’actiVe sites on the divinylbenzene rings of the

~ polymer. Since ethylene adsorption capacities and olefin/Ag(I) ratios of the Amberlyst 15
resins at low Ag(i) lloadings may be attributed to" Ag(I) exchanged sités of divinylbenzene,
increased ethylene adsorption capacities and ethylene/Ag(I) mol ratios at lower Ag(I)
loadings on the fluorinated divinylbenzene resin would support the role of the Ag(I)-

divinylbenzene sites in olefin adsorption.
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Studies have shown that platinum and nickel bind olefin more strongly than Ag(l)
and provide greater infrared band shifts (70-250 cm™) assigned to the vibrational stretch of
the C=C of ethylene (Collman et al., 1987; Elschenbroich and Salzer, 1992). Based‘ on
these‘observations, it is proposed that infrared data be collected on ethylene exposed Pt and
Ni exchanged Amberlyst 15 resins. The infrared specta should provide electronic evidence
for two chemically different ekchange sites or-a continuum of chemically different exchange
sites. For example, if two different bands of ethylene appear shifted to lower
wavenumber, the two bands will support the chemically different metal exchanged sites

within the resin. -
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APPENDIX A

THERMAL GRAVIMETRIC ANALYSIS SUPPLEMENTS

Calculations

Table 30. Ethylene Adsorption on 61% Ag(I) Exchanged Amberlyst 15 Resin -

ethylene  |helium vacuum [mixture |buoyancy ethylene ethylene uptake
|weight |weight |correction - |uptake

mole mole mg mg mg mg mmol/g

fraction fraction '

0 1 5396 [53.96 |0 0 0o :

0.2 0.8 53.96 {55.194 ]0.031 . 1.265 0.83576796

0.4 0.6 53.96  [55.365 10.057 1.462 0.96592313

0.6 0.4 53.96 - |55.458 [0.086 - 1.584 1.04652684

0.8 0.2 53.96 |55.528 |0.113 - |1.681 = 1.11061339

1 0 5396 |55.574 {0.135 1.749 1.15554005
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- Figure 78. Ethylene buoyancy correction.
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APPENDIX B

MULTICOMPONENT DESORPTION ANALYZER SUPPLEMENTS

Calculationsv

Table 31. Void Space of 185.39 mg of 61% Ag(l) Exchanged Amberlyst 15

Resin in MDA Loop -
1st trial , _
atm press. |atm press. [trap press. [trap press. [trap vol. [loop vol.|total loop
’ - . ' ‘vol.
mm Hg {am psi am  |mL mL mL
747.3] 0.98329 0.24] 0.01633] 4.8496] 80.546] 80.545965
747.31  0.98329 0.18] 0.01225] 4.8496] 60.409] 140.95544
747.3] 0.98329 0.13] 0.00885| 4.8496| 43.629 184.5845
747.31 0.98329 0.1 0.0068| 4.8496] 33.561| 218.14532
747.3]  0.98329 0.09] 0.00612| 4.8496| 30.205] 248.350006
747.3] 0.98329 0.07} - 0.00476|  4.8496| 23.493| 271.84263
747.3] 0.98329 0.05] - 0.0034| 4.8496 16.78] 288.62304
747.3] 0.98329 0.02] 0.00136] 4.8496] 6.7122 295.33521
2nd trial ‘
747.3] 0.98329 0.23} 0.01565| 4.8496| 77.19] 77.189884
747.3] 0.98329 0.18] 0.01225] 4.8496] 60.409] 137.59936)
747.31  0.98329 0.13} 0.00885| 4.8496] 43.629| 181.22842
747.3]  0.98329 0.1 0.0068{ . 4.8496] 33.561] 214.78924
747.3] 0.98329 0.07] 0.00476| 4.8496| 23.493| 238.28181
747.3] 0.98329 0.06f 0.00408; 4.8496] 20.136] 258.41831
747.3]  0.98329 . 0.05 0.0034{ 4.8496{ 16.78 275.1987
747.3] 0.98329 0.04] 0.00272] 4.8496 13.424| 288.62304
747.3]  0.98329 0.02] 0.00136] 4.8496] 6.7122 295.33521
Table 32. Composition of Binary Inlet Stream N
run # Jume ~ |ethene - |ethane - |ethene |ethane - ethene
min % comp |% comp |gc area gc area mole cal.
1 10 200 - 80 40078 149208 - 1.303E-07
2 20 200 80, 40078 149208 1.303E-07
3 30 20 80, 40078 149208 1.303E-07
4 40 20 80, 40078 © - 149208 1.303E-07
total 40 20 80 40078|.- 149208 1.303E-07
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ethane

ethene

mole cal.

%o %

ethane

4.366E-07

22.9822

77.0178

4.366E-07

22.9822

77.0178

4.366E-07

22.9822

77.0178

4.366E-07

22.9822

77.0178

4.366E-07

22.9822

77.0178]

Table 33. Total Gas Desorbed from 61% Ag(I) Exchanged
Amberlyst 15 Resin.

press. pressure. volume © |mixture

psia atms L mole
5.34 0.36336665 0.00484965 7.2795E-05
0.97 0.06600430 0.00484965 1.3223E-05
0.54 0.03674494 0.00484965 7.3613E-06
0.44 0.02994032 0.00484965 5.9981E-06
7.29 0.49605672 0.00484965 9.9377E-05

Table 34. Composmon of Gas Mixture- Desorbed from 61% Ag(I) Exchanged
Amberlyst 15 Resin.

ethene ethane ethene ethane ethene ethane
gc area gc area ~ Imole cal. mole cal. % Y0
65148 13674 1.863E-07 6.034E-08] 75.5314] 24.4686
12767 514 6.930E-08 2.885E-08] 70.6055] 29.3945
0 0 4.079E-08 0 100 0
0 , 0 4.079E-08 0 100 0
77915 14188 2.148E-07 6.157E-08| 77.7194] 22.2806

Table 35. Gases Desorbed from 61 %
Ag(D) Exchanged Ainberlyst 15 Resin

ethene ethane

mole mole
5.4983E-05 1.7812E-05
9.3362E-06 3.8868E-06
7.3613E-06 0}
5.9981E-06 : 0
7.7236E-05 2.2142E-05]
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Table 36. Gases in Void Space of Loop Packed with 61% Ag(I)
Exchanged Amberlyst 15 Resin '

volume

atm press.

mixture

ethene

ethane

L

atm

mole

mole

mole

0.000298

1.003634

- 1.237E-05

2.843E-06

9.527E-06

1.003634

0.000298

1.237E-05

—5 8A43E06

9.527E-06

Table 37. Gases Adsorbed on 61% Ag(I) Exchanged Amberlyst 15 Resin

ethene ethene total ethane ethane total
mole o mole mole R mole
5.2140E-05 5.2140E-05 8.2846E-06  8.2846E-06
9.3362E-06 6.1476E-05 3.8868E-06 1.2171E-05
7.3613E-06 6.8838E-05] - 0 1.2171E-05
5.9981E-06 7.4836E-05 . 0 1.2171E-05]
7.4393E-05| 7.4393E-05 - 1.2615E-05 1.2615E-05
resin wt. ethylene ethane
g mmol/g mmol/g .
0.19254 0.27080144 0.04302788
0.19254 0.31929119 0.06321511
0.19254 0.35752374 - 0.06321511
0.19254 0.38867618 0.06321511
0.19254 0.38637468 0.06551661

Table 38. Ethylene/Ethane Adsorption Ratio and Selectivity of 61 %
Ag(l) Exchanged Amberlyst 15 Resin

adsorption ratio |ethylene ethane selectivity
E mole frac. mole frae. _ .
6.293626639 0.22982169 0.77017831 21.0911983
5.050868100f  0.22982169 0.77017831 16.9264666
5.655668807]  0.22982169 0.77017831 18.9532744
6.148469382 0.22982169 0.77017831 20.6047474)
5.897354341 0.22982169 0.77017831 19.7632108
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Figure 81. Ethylene calibration curve.
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