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Abstract—The objective of this study was to verify experimentally the recovery of high-purity ethylene from LDPE
off-gas by a vacuum swing adsorption process. Adsorbent for this purpose was prepared by the impregnatiqn of AQNO
on Montmorillonite clay. The prepared adsorbent with an original substrate-shaped form shows high adsorption
selectivities of light olefins to the corresponding paraffins. A 4-bed vacuum swing adsorption process using the above
adsorbent, in which steps comprise adsorption (feeding), cocurrent rinse with ethylene product, countercurrent desorp-
tion (production) of ethylene by vacuum pump, pressurization-1 with paraffin stream, pressurization-2 with the rinse
off-gas from the other bed and pressurization-3 with paraffin stream, was experimentally applied to recover ethylene
from LDPE off-gas. Ethylene product purity of 99.95% could be obtained with the recovery of over 93%. The ethylene
productivity of prepared adsorbent was 1.98 mol/kg-hr.
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INTRODUCTION Table 1. Electronic configurations of carbon and silver element

Shell
Ethylene is the most important building block in any petrochemi- Element
cal industry. The separation of ethylene from ethane and propylene K L M N
from propane has been achieved conventionally by low tempera€ element (6) 1s 2s2p 3s3p3d 4s4p 4d 4f 5s5p 5d 5f 5g

ture and/or high-pressure distillation. Demand for ethylene and pro- 2 22
pylene is ever increasing and mixtures including olefins producedig element (47) 1s 2s2p 3s3p 3d 4s4p 4d 4f 5s5p 5d5f5g
in the petroleum refining process are often used as refinery fuel. 2 26 2610 2610 1

Therefore, the recovery of olefins in this stream would be a sub-

stantial conservation of resources [Keller et al., 1992; Eldridge et o
Olefin pi Orbital

al., 1993, 1998]. Among a number of alternative methods, separ: (antibonding) Metal 5s Orbital
tion based omecomplexation appears the most promising.
Separation vigecomplexation is a sub-group of chemical com- %
plexation where the mixture is brought into contact with a seconc
phase containing a complexing agent [Cotton and Wilkinson, 1966 @ |

. . . . (o] Metal 4d Orbital
King, 1987; Yang et al., 1995]. Transition metals, i.e., from Sc to Olefin Pi Orbital y

Cu, Y to Ag and La to Au in the periodic table or their ions can form  (yonding)
Tebonds with unsaturated hydrocarbons (olefins). These metals or. L o
their ions can form the normal bond to carbon and, in addition, Fig. 1. Coordination between silver ion (Ag and ethylene.
the unique characteristics of teorbitals in these metals or ions
can form bonds with olefins in a nonclassical manner. This type ofure. The early attempts for the separation of olefin/paraffin mix-
bonding is broadly referred to ascomplexation. tures based ancomplexation employed liquid solutions containing

Electronic configurations of carbon and silver and metal-olefin silver (Ag) or cuprous (Ci)ions [Ho et al., 1988; Keller et al., 1992;
coordination are shown in Table 1 and Fig. 1, respectively. ThrouglBlytas, 1992; Eldridge, 1993]. There have been a number of studies
chemical complexation it is possible to achieve high selectivity andwith gas-solid systems based meomplexation [Gillland et al.,
capacity for the component to be bound due to stronger bonds thai®41; Long, 1972; Hirai et al., 1985, 1992; Cen, 1991]. Gas-solid
those formed by van der Waals force alone. Howedaonds are  operations should be simpler as well as more efficient particularly
still sufficiently weak to be broken by using simple engineering op-by pressure swing adsorption process [Kim et al., 1995; Oh et al.,
erations such as raising the temperature and decreasing the pré898; Shin et al., 1998; Park et al., 2000; Na et al., 2001].

More recent efforts to find available sorbents and to prepare new

To whom correspondence should be addressed. sorbents for the separation of ethylene/ethane and propylene/pro-
E-mail: sshan@kier.re. kr pane by pressure swing adsorption, have appeared in the literature
*This paper is dedicated to Dr. Youn Yong Lee on the occasion of higYang and Kikkinides, 1995; Chen and Yang, 1995; Wu et al., 1997,

retirement from Korea Institute of Science and Technology. Rege et al., 1998; Ramachandran et al., 1998; Cho et al., 1999, 2000,
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2001; Han et al., 1999; Silva and Rodrigues, 2001; Choudary € 330 —— - -
al., 2002]. Especially, Yang et al. have prepared several kinds ¢ —e—  clay substrate, ads.

) o . . 300 41 .o
new solid sorbents for selective light olefin adsorption over corre- O clay substrate, des.

. . . . —a—  prepared adsorbent, ads.
sponding paraffin vllar-complexanon, Agexchanged resins, mono- 270 4| o prepared adsorbent, des.
layered CuCitalumina, monolayered CuCl/pillared clays and mono- :
layered AGQNQ'SIiO.. 240

Until now, performance data by pressure swing adsorption pro-
cess using silver impregnated adsorbent based on clay substrate hi
not been published in the literature.

This study is on the preparation of light olefin selective adsor-
bent in substrate-shaped form, and also the verification of light olefir
purification from LDPE off-gas by vacuum swing adsorption pro-
cess using this adsorbent.

150 —

Volume Adsorbed (cm®/g STP)

90 -

EXPERIMENTAL 60 -

1. Adsorbent Preparation and Analyses 30
The substrate used in the present study is granular Montmorillo : ; : ; : : :
I | T T I T T T

nite clay of 1.0-2.0 mm. Typical Montmorillonite clay contains a 00 4 2 3 4 5 & 7 8 9 10
relatively large amount of magnesium oxide among various clays
The pore size distribution of these substrates exists predominantly
in the mesoporous region. The chemical used as a complexing agenig- 2. Nitrogen isotherms of clay substrate and prepared adsor-
was AgNQ (at least 99.8% purity) from Junsei Chemicals Co., bent at 77 K.

Japan. For the preparation of olefin selective adsorbent, the incipi-

ent wetness technique was used. The impregnation method involvd@ble 3. Chemical analyses of prepared adsorbent (0.4 g-AgNO
normally four steps: (a) pretreatment of the substrate with alkali g-substrate)

solution and washing it with deionized water, (b) contacting and Component Composition Component — Composition

Relative Pressure (P/P,)

mixing the substrate with the impregnating solution for a certain AgNO, 276 Cal 06
period, (c) drying the resultant to remove the excess liquid, and (d) Sio, 498 MgO 20
activating the material resulting from step (c) by thermal treatment 5| 0, 11.7 NaO 16
at higher than 15tC. The total quantity of the AgNGolution is FeO, 6.2 K,O 05

kept equal to the total known pore volume of the substrate. The im=
bibed solvent is removed by drying first with inert gas purge at room
temperature followed by heating. The clay substrate was used iwith gas chromatograph with a thermal conductivity detector. TPR
granular form (particle size of 8-12 mesh) and hence the eventuaksults showed the presence of one major peak with a shoulder and
form of the prepared adsorbent by this impregnation method waanother small peak. These mean the presence of three types of silver
kept in its original form of substrate. So further forming of pre- species probably corresponding to AgiN@g,0O and AgO.
pared adsorbent for process application is not required. The physi- Chemical composition of prepared adsorbent was analyzed with
cal properties of the substrate and the prepared adsorbent are shoatomic absorption spectrometer and chemical wet analysis. The sil-
in Table 2. ver content of prepared adsorbent almost corresponded to the dosed
Nitrogen adsorption/desorption isotherms of clay substrate ancdamount in the preparation procedure when all of the silver species
prepared adsorbent were measured with ASAP analyzer (Micromein prepared adsorbent are regarded as silver nitrate. Chemical com-
itics Co.) at 77 K. The results are shown in Fig. 2. Both clay sub-position of the adsorbent is summarized in Table 3.
strate and prepared adsorbent give normal Type Il adsorption is@. Measurements of Adsorption/Desorption Equilibria
therms, although their full adsorption/desorption isotherms exhibit  Adsorption and desorption equilibria were gravimetrically meas-
Type H3 hysteresis by the IUPAC classification of hysteresis loopsured with two systems, i.e., Cahn 1100 microbalance and magnetic
Same results as our studies can be found in the literature [Rowsuspension balance (MSB). The prepared adsorbent was regener-
guerol et al., 1999]. ated in the balance under the flow of ultra high purity helium gas
To investigate the nature of the active metal ion dispersed on that 210°C, then adjusted to the measuring temperature and evacu-
solid substrate, temperature programmed reduction (TPR) of sewated to 10 mmHg by using a turbo molecular pump. After each
eral samples was measured by using a quartz micro-reactor fittegidsorption isotherm measurement, the desorption isotherm was also

Table 2. Physical properties of the substrate and the prepared adsorbent

Material g-AgNQ/g-substrate [-] Average pore size [A] BET surface ar€&ggm Pore volume [crifg]
Substrate (clay) Nil 40.3 392 0.42
Prepared adsorbent 0.4 34.0 172 0.23
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Magnetic bed, and the main purification part [68 mm (ID)x2,000 mm (H)x
Suspension 4 beds] composed of four beds in which prepared Agiy ad-
Inert Gas —> 'Talancle sorbent was loaded with the amount of 7.65 kg in each bed. The
Adsorbate selessi Cichlsli;iwr main function of pretreatment part is to remoyeGzand heavier
Injection L|_‘ components. The regeneration of pretreatment bed was performed
v first by reducing the pressure from high feeding pressure of LDPE
‘ i @P off-gas stream to almost ambient and then purging countercurrently
Cif:ﬂf:tor with the effluent stream from a paraffin surge tank of the main pu-
Chamber Vacuum Pump rification part. One pretreatment bed for LDPE off-gas processing
g was operated at 4 kg?-G during 3 hours, while the other for ad-

sorbent regeneration was operated at QdrkgG and ambient
Fig. 3. Schematic diagram of magnetic suspension balance system. temperature and then vice versa. The operation pressures of feed
buffer tank, olefin surge tank and paraffin surge tank were main-
tained at 4 kgent-G, 0.2-0.4 kgen?-G and 0.05-0.15 Kgnt-G,

measured to check the reversibility. Light olefins and paraffins usedespectively. In the purification part, the pressure in adsorption step

were the following: ethylene (Air Products & Chemicals Co., mini- was operated at 380-850 mmHg [ABS] and the lowest pressure dur-

mum purity 99.7%), ethane (Air Products & Chemicals Co., mini- ing vacuum desorption was controlled at 25-40 mmHg [ABS].

mum purity 99.5%), propylene (Air Products & Chemicals Co.,

minimum purity 99.5%) and propane (Liquid Carbonic Co., mini- RESULTS AND DISCUSSION

mum purity 99.5%). And the other gases which can exist in the feed,

i.e. methane (minimum purity 99.99%), carbon monoxide (mini- 1. Equilibrium Isotherms

mum purity 99.5%), carbon dioxide (minimum purity 99.99%), ni-  The adsorption/desorption characteristics were very much chang-

trogen (minimum purity 99.99%) and moisture were used. Isotherm&d depending on impregnation amount of Aglad alkali treat-

of ethylene, ethane, propylene and propane were measured witlhents. Adsorption amounts of ethylene, ethane, propylene and pro-

Cahn 1100 microbalance and those of the other gases were megmne on this prepared adsorbent were 1.15 mmol/g, 0.14 mmol/g,

ured with MSB system. The schematic MSB system is shown inl.30 mmol/g and 0.30 mmol/g at 1 atm and@5espectively. The

Fig. 3. pure adsorption selectivity of olefin over the corresponding paraf-

3. Process Test fin is very high. On the other hand, the pure adsorption amounts of
A pilot scale version of the pressure swing adsorption unit wasmpurities such as nitrogen, carbon monoxide, carbon dioxide and

designed and manufactured to operate automatically and connectedethane were less than 0.1 mmol/g at 50 mmHg af@. Zkhe

to an LDPE off-gas stream at a petrochemical site. The schematimoisture on this adsorbent did not much affect the olefin adsorp-

diagram of this unit is shown in Fig. 4. This ethylene purification tion characteristics.

system operated at ambient temperature is divided into two parts, The moisture also showed no chemical effects on this adsorbent

i.e., the pretreatment part composed of two beds [250 mm (ID)>xand was easily removed by heating.

600 mm (H)x2 beds] in which activated carbon and silicagel ad- Isotherms of light olefins, light paraffins and several impurities

sorbents were multilayered with equal loading volume ratio in eachare shown in Fig. 5 and Fig. 6.
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Fig. 4. Schematic diagram of adsorptive LDPE off-gas separation unit.
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Fig. 5. Adsorption/desorption isotherms of light olefin and paraf- Fig. 6. Adsorption isotherms of moisture, nitrogen, carbon mon-
fin components at 25C. oxide, carbon dioxide and methane at 2%.
2. Process Performance VSA process provides a common basis:

In LDPE off-gas stream, ethylene (98.3%) is mainly contained N !
. I . . ) Amount of GH, obtained in desorption step
and impurities such as nitrogen (840 ppm), carbon monoxide (20 - Purity (%)= Amount of all gases obtained in desorniion 2&
ppm), carbon dioxide (0.22%), methane (40 ppm), ethane (0.92%), g P P
propane (60 ppm), propylene (trace),d@mponents (0.37%) and (Amount of GH, obtained in desorption step
high carbon number solvent (870 ppm) are also contained. - Recovery (% )_—Amount of GH, used in rinse step) X100
Total hydrocarbon concentration except ethylene and ethane was Y = Amount of CH, in adsorption step
reduced to less than 250 ppm by the pretreatment bed qnd then the (Amount of GH, obtained in desorption step
pretreated stream was sent to the four bed vacuum swing adsorp- o
. . . . .. —Amount of GH, used in rinse step)
tion process. This process is composed of six hew steps as follows: - Productivity= -
- . . . Total sorbent amountx total cycle time
feeding/adsorption (190 sec), cocurrent rinse with olefin product

(170 sec), countercurrent desorption/production of olefin by vac- When the purification process was operated with feed rate of
uum pump (190 sec), pressurization-1 with paraffin stream (3 sec)23.0SLPM and rinse flow rate of 4.65SLPM, ethylene product purity
pressurization-2 with the rinse off-gas from the other bed (170 sechpf 99.95% with the recovery of over 93% was obtained at steady
and pressurization-3 with paraffin stream (17 sec). The duration oftate. At the same ethylene purity, the increase of feed flow rate re-
one cycle was 760 sec. The effluent gas from a rinse step was sestlts in the decrease of ethylene recovery and the decrease of feed
to the other bed to recover an enriched ethylene portion. Step configlow rate results in the decrease of adsorbent productivity. Nitro-
urations with flow directions are shown in Fig. 7. gen, carbon monoxide, carbon dioxide, and methane components

The definition of the performance criteria that characterize thiswere passed through the bed with ethane component.
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Fig. 7. Step configurations and flow directions of the pilot-scale unit.
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Fig. 8. Pressure histories during one cycle at dynamic steady state.
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one cycle at dynamic steady state are shown in Fig. 8, Fig.9 and
Fig. 10, respectively. In Fig. 10, some data are intentionally cut for
a clear appearance of each symbol.

CONCLUSIONS

Adsorbent for light olefin/paraffin separations viaomplex-
ation was prepared by the impregnation of Agld®mesoporous
Montmorillonite clay substrate. This olefin selective adsorbent with
an original substrate-shaped form shows high olefin selectivity. In
this study, the pure adsorption selectivity of ethylene over ethane is
8.2 at 760 mmHg and 2&.

The 4-bed vacuum swing adsorption process combined with an
appropriate pretreatment of 2-bed experimentally demonstrates that
high-purity ethylene from LDPE off-gas can be obtained with high
recovery. This adsorption process can also be applied to many eth-
ylene streams in a (petro)-chemical complex for ethylene enrich-
ment, purification and removal.
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