Separation and Purification Technology 359 (2025) 130477

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

ELSEVIER

Four-bed vacuum pressure swing adsorption for xenon recycling from
semiconductor waste gas

a,b,”“

YeonJi Choi®, Kyung Min Choi*”"", Kyungtae Park

@ Department of Chemical and Biological Engineering, Sookmyung Women’s University, Seoul 04310, Republic of Korea
® Institute of Advanced Materials and Systems, Sookmyung Women'’s University, Seoul 04310, Republic of Korea

ARTICLE INFO ABSTRACT

Handling editor: Z Bao The development of the space industry, increasing semiconductor production, and growing demand for medical
xenon has significantly boosted the xenon market. However, the commercial production of cryogenic distillation
is an energy intensive process and results in economic and environmental issues. In this study, experimental
adsorbent data collection and a vacuum pressure swing adsorption (VPSA) simulation are presented for recov-
ering and purifying xenon from semiconductor waste gas containing 0.1 mol% Xe and 99.9 mol% N5. FMOFCu
was used for xenon adsorption, and the adsorption data were collected through isotherm and breakthrough
experiments using Xe and Ny. Further, the VPSA process was designed and parametric studies were conducted
using gPROMS simulations based on experimental data. Consequently, 99.9 % of the xenon product was pro-
duced through a two-stage VPSA process, and an economic and environmental evaluation of the produced xenon
was conducted. The minimum selling price of the produced xenon ranged from 554.42 to 1482.08 $/kgXe, which
was more than 1000 $/kgXe lower than the current wholesale price of xenon. The electricity consumption of the
proposed VPSA process was 40.99 kWh, and the calculated global warming potential was 28.92 kg CO5 eq for 1
kg of Xe produced. Therefore, the proposed VPSA process was economical and environmentally sustainable.
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environmental regulations have hindered active production and trade,
causing and increase and fluctuations in xenon prices [13]. Conse-
quently, the wholesale price for xenon has remained very high and
unstable in recent years, increasing from $15/L in 2020 to $100/L in
2022, before dropping to $60/L by 2023 [14].

Therefore, current research is focusing on developing new produc-
tion methods for xenon using various processes such as membrane
separation, gas hydration, and adsorption as alternatives to the tradi-

1. Introduction

Xenon is an extremely rare inert gas that comprises only 0.000009
mol% of the atmosphere [1]. It is widely used in the aerospace, medi-
cine, lighting, and semiconductor manufacturing industries [2-4].
Recent technological advancements have led to a significant increase in
the demand for using xenon in laser processes within the semiconductor

industry [5]. Consequently, the global market for xenon production
reached USD 523.62 million in 2023 [6]. This increased industrial de-
mand for xenon in recent years has led to extensive research on xenon
production [4,7-9].

Xenon is primarily produced as a by-product of air separation units
(ASUs) through an additional highly energy-intensive process [10]. The
ASUs operate at cryogenic temperatures and demand a substantial
amount of electricity [11], which results in significant carbon emissions.
The primary purpose of ASUs is to produce oxygen and nitrogen, and
therefore, xenon production is constrained by the quantitative and
geographic demand for these gases [12]. The insufficient supply and
transportation costs of xenon have driven up its price. Further, various
economic factors such as the Russia-Ukraine War and China’s
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tional methods. [15] attempted to separate xenon using a hybrid process
that combined gas hydrates and cryogenic distillation. High-purity
xenon can be produced by concentrating the ASU byproducts through
has hydrates and then using cryogenic distillation, while reducing
electricity consumption. [16] investigated xenon separation from nat-
ural gas by combining gas hydrate crystallization with a membrane
process. They used natural gas as the feed to separate xenon, methane,
and carbon dioxide and achieved a high recovery rate by hydrating
xenon. Petukhov et al. [17] separated xenon from natural gas by inte-
grating batch distillation with a membrane process. They used the ob-
tained high-purity xenon feed at the primary concentration to achieve
ultra high-purity xenon production. Miandoab et al. [18] produced
xenon through membrane separation using feed gas derived from the
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Nomenclature

Symbols

bo.i Affinity constant of the Langmuir model

C; Concentration of component i in the bulk fluid phase

Cp solid Heat capacity of the adsorbent material

Cow Specific heat capacity of the wall material

D Dispersion coefficient

dpeq Diameter of the adsorption bed

dpetter Pellet particle diameter

Fn, i Molar flowrate of nitrogen in stream i

Fxei Molar flowrate of xenon in stream i

ﬁads’i Molar specific enthalpy of component i in adsorbed phase

Hy Bulk fluid phase mass specific enthalpy

AH; Isosteric adsorption heat

hy_y Heat transfer coefficient between the bulk fluid and wall

hy_q Heat transfer coefficient from the bed wall to the ambient
environment

ki Lumped linear driving force mass transfer coefficient for
component i

Ly Bed wall thickness

Nads-mass; Rate of mass transfer for component i from the fluid to the
adsorbed phase

Deycle Number of cycles per year

P Pressure of the bulk fluid

P; Partial pressure of component i.

qi Saturated adsorption capacity of component i

qi Average adsorbed amount

qii* Average equilibrium amount adsorbed, in equilibrium

Ry Gas constant

Sc Schmidt number

T, Ambient temperature

Ty Temperature of the bulk fluid

Trsoia  Reference temperature of the energy of the adsorbent
material

T Solid phase temperature

Ty Temperature of the wall

t Time

teyele Total time of a cycle

Uped Energy per unit volume of the bed

Vsup Fluid phase superficial velocity

w; Mass fraction of component i in fluid phase
z Distance along the axial direction
Abbreviations

AD Adsorption step

ASU Air separation unit

BD Blowdown step

EC Environment cost

ED Pressure equalization (depressurization) step
ER Pressure equalization (re-pressurization) step
ETS Emission trading system

GWP Global warming potential

ID Idle step

MSP Minimum selling price

MTC Mass transfer coefficient

PR Re-pressurization step

PU Puring step

TCC Total capital cost

TEC Total equipment cost

TOC Total operating cost

VPSA Vacuum pressure swing adsorption

Greek symbols

€ Both inter- and intra- particle voids

Ebed Inter-particle voids

Aeff Effective thermal conductivity

Aw Thermal conductivity of the wall material
u Dynamic viscosity

Pbed Bed bulk density

pr Total mass density of the fluid phase

Pw Mass density of the wall material

ASU. Their membrane process separated xenon and krypton in a single
step. Hansen et al. [4] performed a cost-benefit analysis of capturing
xenon during the aqueous solution reprocessing of spent nuclear fuel.
They found that this process was not essential and the cost of capturing
xenon ranged from $71.50/L to $131.13/L, which was higher than the
market price of xenon. Yoshida et al. [19] demonstrated a two-stage,
four-bed PSA system using zeolite, MS-13X to concentrate xenon in at-
mospheric air (0.1 ppm) to 400 ppm, demonstrating the feasibility of the
PSA process for xenon enrichment. They also developed Enriching
Reflux PSA (ER-PSA) Process with parallel equalization using same
adsorbent, achieving an 80-fold concentration of xenon from 18 ppm
[20]. Willion et al. [21] developed a PSA unit using activated charcoal
for xenon capture and enrichment for the detection of radioactive xenon
isotopes in the atmosphere, achieving a 1000-fold increase in the con-
centration of airborne xenon. Schell et al. [22] also developed an inte-
grated PSA unit and measurement system using molecular sieve carbon,
achieving a 107-fold xenon purification for the detection of radioactive
xenon released into the atmosphere. Yamawaki et al. [23] developed a
process to recycle waste gas from a plasma process. They achieved a
xenon gas purity of 99.98 % and a recovery rate of 99.999 % by using a
PSA process with activated carbon to separate xenon and various other
components. However, the feed gas used in their experiments contained
a significantly higher xenon concentration (28.5-50 %) compared to
actual waste gases.

Previous studies showed that the xenon separation process requires a

significant amount of energy. However, to the best of our knowledge,
the environmental and economic effects of the high energy consumption
in this process have rarely been evaluated. Analyzing the economic and
environmental impacts of the xenon separation process are crucial for
developing a sustainable xenon production process.

Furthermore, the studies mentioned above using PSA systems for
xenon enrichment did not achieve high-purity xenon when they used
ppm levels of atmospheric xenon. Therefore, research is needed on feed
gases that contain higher xenon concentrations than air, which may
include exhaust gases from processes utilizing xenon. This research
provides a foundation for producing high-purity xenon using feed gases
with a composition like that of discarded semiconductor waste gases.

The xenon concentration in semiconductor waste gas is approxi-
mately 10,000 times higher than that in air [24]. Xenon production was
studied to recycle semiconductor waste gas through a pressure swing
adsorption (PSA) process using metal-organic frameworks (MOFs). The
MOF has attracted attention as an adsorbent for xenon separation
because it can produce thousands of different pores based on the fabri-
cation methods, making MOFs well-suited for developing adsorbents
required for applications. [25] demonstrated the potential of MOFs for
xenon separation.

PSA is a widely commercialized mild process that has low electricity
consumption [26]. Therefore, in this study, the electricity consumption
for the xenon separation process through PSA using MOFs is calculated
and an economic evaluation is performed using facilities and operating
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funds. In addition, the sustainability of the developed process was
verified through environmental evaluation. To this end, a four-bed
vacuum pressure swing adsorption (VPSA) process using MOFs was
developed and evaluated for xenon recycling. The configuration and
cycle schedule of the proposed VPSA process were designed, and ex-
periments were conducted to measure the adsorption isotherms and
breakthrough characteristics of Xe and Ny on FMOFCu. A gPROMS
simulation was performed using the experimental data to determine the
operational conditions, production rates, and electricity consumption of
the xenon production process. Parametric studies of the process condi-
tions were also performed. Further, the data from the simulation were
compared with the wholesale xenon prices obtained through economic
analysis, and an environmental assessment based on electricity con-
sumption was conducted to evaluate the sustainability of the xenon
production process compared to that of traditional method.

The remainder of this paper is organized as follows. Section 2 out-
lines the proposed VPSA process and simulation configuration. Section 3
outlines and discusses the results. Finally, the conclusions are presented
in Section 4.

2. Methodology
2.1. Process description

A two-stage, four-bed VPSA process was designed for producing a
product gas with a Xe concentration of 99.9 % from the semiconductor
production exhaust gas (N3 = 99.9 %, Xe = 0.1 %) [24] for recycling.
The schematic diagram of the four-bed VPSA process is depicted in
Fig. 1.

The feed gas is supplied to Bed 1 in the adsorption step, wherein
xenon is adsorbed on the adsorbent and nitrogen-enriched waste gas is
released into the waste gas stream. Bed 2 was repressurized to prepare
for the adsorption step. The waste gas from Bed 1 is partially transferred
to Bed 2 for pressurization. Bed 3 in the desorption (purging) step re-
ceives a portion of the waste gas from Bed 1 as a purging gas to facilitate
the desorption of Xe, resulting in a Xe-enriched product stream. Bed 4 in
the depressurization (blowdown) step is used to prepare for the
desorption step. According to the cycle schedule, each bed goes through
all steps.
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Unlike other PSA purification processes that contain more than 10 %
of the product in the feed stream [27-31], the process in this study
contained only trace amounts of the product (0.1 %). Therefore, the
basic structure of PSA was modified in two stages to achieve the target
purity (99.9 %). First, the gas generated during blowdown was sepa-
rated from the product because xenon did not desorb properly unless it
was under a sufficiently low pressure [24]. However, the separation led
to recovery losses caused by desorption during blowdown. Therefore, to
minimize xenon loss, the blowdown was performed in a co-current di-
rection with the feed. When the feed flowed in the same direction as the
blowdown, pressure drops during the blowdown step occurred on the
opposite site of the column, where the adsorption was intense in the feed
step. This helps prevent direct desorption during the blowdown step and
reduces the xenon loss.

2.2. Cycle schedule for the four-bed VPSA

The Skarstrom cycle [32], which consists of adsorption, depressur-
ization (blowdown), desorption (purging), and re-pressurization, was
the first PSA cycle to be developed. This PSA cycle continues to be
widely utilized, and various advanced PSA processes have been devel-
oped and commercialized based on this cycle[30,33-36]. In this study, a
modified Skarstrom cycle was used to reduce the unnecessary energy
consumption by adding two pressure equalization steps to compensate
for the large amount of energy required by the VPSA cycle structure of
swinging under high pressure and vacuum|[33,37]. A detailed cycle
schedule, graphical overview, and detailed steps are presented in Fig. 2.
In addition, a detailed description of each step is provided in Appendix
B.

2.3. Simulation details

A commercial process simulator gPROMS (Version 2022.1.0), which
is a rigorous modeling tool for dynamic processes, was used to design the
process for each stage. All governing equations used in the developed
model are summarized in Table A1l in Appendix A.

The assumptions for the modeling are summarized as follows:

e VPSA process is operated under the non-isotherms condition.

Blowdown

7 > >
> >

Bed 1 Bed 2

Feed

X
X D = X Waste
—a < '
PN —
Bed 3 Bed 4
Product

> >

Fig. 1. Schematic of the modified four-bed VPSA system.
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Waste Waste, PU Waste, PR ER1 ER2 Blowdown AD ED2 ED1 AD
o
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9]
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o || AD AD AD ID ED1 ED2 BD PU ER2 ID ER1 PR
T \_
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PPU
Step Step 1 Step 2 Step 3 | Step4 | Step 5 Step 6 Step 7 Step 8 Step 9 | Stepl10
Time(s) 200 180 10 10 10 180 10 180 10 10
Bedl AD D ED1 ED2 BD PU ER2 ID ER1 PR
Bed2 D ER1 PR AD D ED1 ED2 BD PU ER2
Bed3 BD PU ER2 D ER1 PR AD ID ED1 ED2
Bed4 D ED1 ED2 BD PU ER2 D ER1 PR AD

Fig. 2. Details of the cycle schedule of the modified four-bed VPSA process. In this figure, AD, ID, ED, BD, PU, ER, and PR represent adsorption, idle, pressure
equalization (depressurization), blowdown, desorption (purging), pressure equalization (re-pressurization), and repressurization, respectively.

e Peng-Robinson equation is used as a thermodynamic model.

Flow in a radial direction is ignored.

Number of discretization points per bed layer is set to 30.

Initial composition of the adsorption bed is 100 % No.

Target xenon purity of the final product is 99.9 %.

The feed gas is supplied after passing through the water guard bed.
The humidity requirement is 5 ppm or less.

2.3.1. Bed properties

Table 1 summarizes the input parameters for the base case and the
specifications of the adsorption bed. The flow rate, adsorption pressure,
desorption pressure, and bed size were set based on experience-based
knowledge. The bed porosity and bulk density were obtained based on
in-house experimental results.

The performance of the process was evaluated based on the purity
and recovery of the product. The purity, recovery, and productivity
equations are defined in Eqns. (1)-(3).

Joe Fedt

— 0 %100
J2 (Fxeq + Fu,i)dt

Xepurity[%] = €]

Table 1
Input parameters of base case of the first-stage VPSA and specification of the
bed.

Condition Value Bed data Value
Feed flowrate [kmol/h] 10 Adsorption bed length [m] 1.4
Adsorption pressure [bar] 8 Bed inner diameter [m] 0.14
Desorption pressure [bar] 0.002 Bed porosity 0.474*
Feed temperature [K] 303 Bed bulk density [kg/m®] 630"
Xenon molar concentration [%] 0.1 Initial temperature [K] 303
Nitrogen molar concentration [%]  99.9

* FMOFCu data produced in-house.

Jooe Fedt

0 100
focyc ¢ F, Xe.feeddt

Xerecovery|%] =

(2

Leycle
Xeannualproductivitykmol/yr] = ngyce % / ’ Fye dt 3)
0

where, teycle, Fxeis Fn,i> and neyele Tepresent the total time of a cycle,
molar flowrate of xenon in stream I, molar flowrate of nitrogen in stream
i (i € {feed, product, waste, blowdown}), and number of cycles per year,
respectively.

PSA is inherently a dynamic process, wherein all variables in a sys-
tem change over time until they reach a cyclic steady state. In this study,
the cyclic steady state was assumed to be reached when the change in
both product purity and recovery between cycles was less than 107,

2.3.2. Adsorbent properties

FMOFCu was employed as an adsorbent for xenon separation in the
proposed VPSA process. In-house experiments were conducted to obtain
the data for the adsorbent. In addition, the adsorption properties were
characterized via adsorption equilibrium isotherm measurements of
each component and breakthrough tests. The physical properties of the
bed obtained from these measurements are summarized in Table 2.

The adsorption equilibrium isotherm test at 298 K showed that the

Table 2

Physical properties of FMOFCu.
Adsorbent data Value
Pellet diameter [mm)] 0.9*
Solid void fraction 0.080*
Total pore volume (p/p0 = 0.990) [cm®/g] 0.067*
Mean pore diameter [nm] 5.46*
Solid heat capacity [J/kg e K] 1457
Solid thermal conductivity [W/m e K] 0.70

“ FMOFCu data produced in-house;
" [38].
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amounts of the adsorbed Xe and N; were approximately 10 times
different (Fig. 3), proving that FMOFCu is a suitable adsorbent for Xe
and Nj separation. Using regression methods, isotherm curves were used
to determine the isotherm parameters by fitting them to the Langmuir 2
model equation (Eq.8 in Table A1). The estimated parameters are pre-
sented in Table 3. The mass transfer coefficient (MTC) was derived by
adapting the work from [39]). The calculated MTC values for xenon and
nitrogen are 0.5234 and 1.1184, respectively.

2.4. Parametric study

A parametric study was conducted to identify technically and
economically favorable conditions for reaching the target purity. The
parametric study was performed considering both process and economic
aspects. The study of the process parameters focused on changes in the
flow rate, adsorption pressure, and desorption pressure. The electricity
price was selected as the economic parameter. These parameters were
selected because they were expected to have the most significant effect
on the results. Notably, due to very low desorption pressures were used,
a parametric study on desorption pressure was conducted to consider the
challenges associated with low pressures. All parameter conditions are
listed in Table 4.

The product stream from the first-stage can be varied under different
parametric conditions. Therefore, adjusting the parameters in the
second-stage is necessary to achieve the target. In this study, the bed size
was adjusted to accommodate the amount of xenon in each feed.

2.5. Economic and environmental analyses framework

The economic benefit and environmental suitability of the developed
xenon recovery process were investigated. For the economic analysis,
the minimum selling price (MSP) was calculated based on 2023 USD.
The MSP was calculated by annualizing the total capital cost (TCC) and
total operating cost (TOC), assuming a 20-year operating period
[40-43]. The framework for the economic analysis is shown in Fig. 4.
The formula for the MSP is defined in Eqn. (4).

i(1+)"
TCC x g7 + TOC @

MSP =
mXe

where i, n, and mXe represent the interest rate (8 % in this study [41]),
operating year (20 years), and annualized production based on 7500
operating hours per year [44], respectively.

The total equipment cost (TEC) was derived using Aspen Hysys V11,
and an overview of the process designed for Hysys is shown in Fig. C1.
The cost of the adsorbent was estimated to be 1135.93 USD/kg. The
adsorbent is assumed to be recharged annually. The electricity cost was

0.0012

0.001
550.0008
=<
3
£ 0.0006
=3
©0.0004

0.0002

0 0.2 0.4 0.6 0.8 1
p/py [po=101.33]

Fig. 3. Isotherms of N, and Xe on FMOFCu.
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Table 3
Equilibrium isotherms parameters of each component.
Parameter Nitrogen Xenon
q;boi[kJkmol 'K 1] 0.0012 0.0014
—AH; 1500 3000
“[K]
Ry
by;[bar '] 0.0030 0.0013
Table 4
Parametric study conditions.
Condition Value
Feed flowrate [kmol/h] 6, 8,12, 14
Adsorption pressure [bar] 4,6,10,12
Desorption pressure [bar] 0.02,0.2,1

Electricity cost [$/kW] 0.06, 0.09, 0.15, 0.18, and 0.21

calculated as 0.12 $/kW [45].

The environmental impact of the proposed VPSA process was eval-
uated in terms of the global warming potential (GWP) and environ-
mental cost. The GWP was calculated using Ecoinvent 3.9.1 based on the
electricity consumption required to produce 1 kg of xenon [46,47]. For
the proposed VPSA process, the electricity consumption was calculated
using Aspen HYSYS V11. The calculated GWP was converted using the
carbon prices from the Korean emission trading system (ETS) in 2024 to
calculate the environmental cost (EC) [48].

3. Result and Discussion
3.1. Results of the first-stage

Parameter studies of the adsorption/desorption pressure and flow
rate of the proposed VPSA were performed, and the purity and recovery
results for all cases were explored. All simulation results for the first-
stage are summarized in Table D1 in Appendix D.

The results of the parametric study of the adsorption pressure are
shown in Fig. 5. As shown in Fig. 5(a), both the product purity and re-
covery improved with an increase in the adsorption pressure. This can be
attributed to a higher adsorption pressure causing xenon to be densely
adsorbed during the AD step (see Fig. D1) and less xenon breaking
through the waste (Fig. 5(b)), thereby leading to greater high-purity
desorption in the PU step. As shown in Fig. 5(b), the blowdown recov-
ery increases slightly up to 8 bar and then decreases. As the adsorption
pressure increased, the flow rate during blowdown rose, leading to a
slight increase in blowdown recovery. However, xenon desorbs effec-
tively at bed pressures below 0.1 bar [24]. When the adsorption pressure
exceeded 10 bar, the bed pressure did not reach below 0.1 bar within the
10 s (BD step), resulting in a lower xenon desorption and a significant
decrease in blowdown recovery. In addition, as shown in Fig. 5(c), the
product flow rate increases with increasing adsorption pressure because
of the increase in product purity and recovery. A higher pressure stored
more xenon on the adsorbent during the AD step, resulting in a higher
purity flow in the PU step.

The desorption pressure is shown in Fig. 6. As shown in Fig. 6(a),
increasing the desorption pressure significantly decreases the product
purity and recovery. This is due to poor xenon desorption during PU
when the desorption pressure is high, resulting in less xenon being
recovered as a product. When the desorption pressure is higher than 0.2
bar, a significant amount of xenon remains adsorbed on the adsorbent
after the PU step (see Fig. D2 in the Appendix). As a result, the
adsorption capacity of adsorbent decreased in the AD step and most of
the xenon escaped to the waste stream (Fig. 6(b)). In the BD step,
blowdown recovery decreased with an increase in the desorption pres-
sure (Fig. 6(b)) because the pressure difference between the bed and
blowdown stream was reduced, which reduced the blowdown flow rate.
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|
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[ Total Capital Cost ] [Total Operating Cost] : Environmental Cost :
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| — |
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[leed Capital Investment] [Working Capital] Fixed Cost Variable Cost
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I

I 1 * Contingency * Insurance * Raw Material * Electricity
Direct Cost Indirect (FCI x 0.1) (DC % 0.015) Cost consumption
(DC) Cost (IC) * Adsorbent
* Maintenance
* Total Equipment Cost = Insurance, Freight, (DC x 0.02) * Electricity Cost
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* Depreciation * Pump
* Building, Labor, * Engineering Cost (ECI x 0.1)
Auxiliary (TEC x (DC x 0.035)
0.25)
* Overhead Cost (DC
* Adsorbent (initial x 0.15)
charging)

Fig. 4. Economic analysis framework of the Xe recovery process.
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Fig. 5. Results of the adsorption pressure parametric study.
The blowdown recovery was reduced at 0.002 bar. Although the pres- Furthermore, the product recovery decreased noticeably with an
sure difference between the bed and blowdown stream was large, the increase in the feed flow rate (Fig. 7(a)) because the bed could not
volume of the gas at 0.002 bar was substantially large and could not accommodate the increased xenon in the feed, resulting in a greater
easily pass through the valve, reducing the flow rate. In addition, at a breakthrough in the bed (see Fig. D3 in Appendix). Consequently, waste
higher desorption pressure, the product flow rate decreased significantly recovery increased significantly, as shown in Fig. 7(b). The increased
(Fig. 6(c)) because of insufficient desorption. adsorption led to an increase in the product flow rate (Fig. 7(c) and
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Fig. D3). In contrast, the product purity decreased slightly (Fig. 7(a))
because the reflux (see (e) in Appendix B) flow rate increased with an
increase in the feed flow rate, resulting in a slightly higher nitrogen ratio
in the product. Another important point is that a notable pressure drop
occurred due to the high flow rate compared to the diameter. However,
because of the low concentration of adsorbates in the feed (0.1 %), the
pressure drop remained within acceptable levels. The bed pressure along
the bed during the AD step is shown in Fig. D4 in Appendix D.

As shown in Fig. 8, a tornado chart was drawn to analyze the impact
of each parameter on performance. Negative changes were not consid-
ered because the desorption pressure was extremely low (0.002 bar).
The tangent represents the rate of performance change with a change in
the parameter. Further, as shown in Fig. 8, adsorption pressure had the
greater impact on purity. Lowering the adsorption pressure has a greater
impact than increasing the pressure. The feed flow rate and desorption
pressure had less of an impact on the purity than that of the adsorption
pressure. In Fig. 8(a), the desorption pressure seemed to have a large
impact owing to the large variation of 5000 %; however, it was the
smallest.

Further, the adsorption pressure had the largest impact on recovery.
As with purity, the impact was larger when the adsorption pressure
decreased than that when it increased. The feed flow rate also had a
significant impact on recovery, with a lower feed flow rate having a
more favorable impact than a higher feed flow rate. The desorption
pressure had a greater impact on recovery than on purity; however, it
still had a lower impact than the other parameters.

Overall, each parameter had a greater impact on recovery than that
on purity. As the adsorption pressure and feed flow rate had the most
significant impact, the second-stage VPSA was designed based on these
two parametric studies.

3.2. Results of the second-stage

The second-stage VPSA was performed to produce the product with
the target purity (99.9 %) using products from each parametric study
cases in the first-stage as the feed. All simulation results for the second-
stage VPSA are summarized in Table D2 in the Appendix. In the second-
stage VPSA, the target purity could not be achieved using the previous
cycle configuration; therefore, the cycle was adjusted, as described in
Appendix E. Further, the bed size was adjusted in the second-stage VPSA
(Table D2 in the Appendix) because the purity and feed flow rate were
significantly different from that for the first-stage VPSA. The target
purity was achievable at an adsorption pressure of 2 bar, and therefore, a
further increase in the adsorption pressure was not explored because of
the unprofitable effects of increased energy consumption and CAPEX.
Consequently, the target purity was achieved, and the product recovery
exceeded 70 % in all cases. In Table E1 and Fig. E3, the stepwise changes
in stream composition and xenon surface coverage in the base case after
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reaching CSS are shown.

The product flow rate showed a larger difference than those of purity
and recovery. The product flow rate increased with an increase in the
adsorption pressure and feed flow rate (Fig. 9) because these parameters
were positively correlated with the product flow rate in the first- stage
VPSA, which increased the feed flow rate in the second-stage VPSA. The
increased purity and recovery of the first-stage product positively
affected the second-stage product. The best case was the 5-2 case with
an adsorption pressure of 12 bar; the worst case was the 2-2 case with an
adsorption pressure of 4 bar.

In conclusion, the 5-2 case with an adsorption pressure of 12 bar
achieved the best purity and recovery in the first-stage VPSA process. In
addition, the 5-2 case had the highest product flow rate in the second-
stage VPSA process. Increasing the adsorption pressure was the most
effective method for improving the process performance.

3.3. Economic analysis

An economic analysis was performed using the methodology
described in Section 2.5. The results are shown in Fig. 10, and the
conditions and performance result are listed in Tables F1-F2 of the ap-
pendix. The MSP decreased with increasing adsorption pressure and
feed flow rate. There was a large difference in the results between the 4
bar and 6 bar cases, and this difference decreased thereafter. MSP
decreased with an increase in the feed flow rate. From 2020 to 2023, the
market price of xenon ranges from ~ 2,544$/kg to 15,270$/kg [14]. In
comparison, the highest MSP calculated for the proposed VPSA process,

0.006
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Fig. 9. Change in the product flowrate in the second-stage VPSA process.
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Fig. 8. Tornado chart of purity and recovery in change of parameters.
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Fig. 10. Minimum selling price for cases with varied adsorption pressures and
feed flowrates.

with an adsorption pressure of 4 bar and a feed flow rate of 6 kmol/h,
was ~$1,500/kg, which is significantly cheaper.

A detailed breakdown of the MSP in the proposed VPSA process is
presented in Fig. 11. As shown in Fig. 11 (a), TCC and TOC contributed
similarly, with TCC contributing slightly more. As shown in Fig. 4, TEC
is the main contributor to MSP, and therefore, it is analyzed in detail in
Fig. 11(b). The largest cost in the TEC was that of the compressor, ac-
counting for ~ 82 %. Although the price of the compressor was the most
influential, the higher the adsorption pressure, the lower was the MSP.
This implies that the economic benefits of increasing xenon recovery
outweigh the capital and operating costs of increasing pressure.
Depreciation accounted for the largest share of the TOC, which was
primarily influenced by TEC. In contrast, the raw material and elec-
tricity costs constituted a minor share of the TOC because there was no
feed cost attributable to the recycling of waste gas, and only the
adsorbent cost was required. In addition, the electricity consumption per
1 kg xenon produced by the traditional process was 1400.97 kWh [46],
whereas that produced by the proposed VPSA process was 40.99 kWh,
which is 34 times lower.

3.4. Environmental analysis

An environmental analysis was performed using the methodology
described in Section 2.5. The environmental analysis of traditional

@ ®) 0.31%
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81.68%

PSA unit
® Pump

n TCC

m TOC

Compressor

1.34%

= Storage Tank = Insurance
m Cooler
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xenon production was performed to compare the environmental impact
of the current xenon production process with that of the proposed VPSA
process. The results are summarized in Table 5.

As shown in Table 5, the power consumption of the proposed VPSA
process is only 2.9 % of that of the traditional process, which is
remarkably low. The GWP of the proposed VPSA process is also very low
at 2.6 % of that of the traditional process. However, the impact of the
GWP on the MSP is negligible because of the low carbon prices in Korea.

3.5. Discussion

The proposed VPSA system was analyzed to determine its competi-
tiveness with other xenon production methods. The data are summa-
rized in Table 6, which compares the VPSA system with other processes
such as gas hydrate formation, cryogenic distillation, membrane sepa-
ration, and batch distillation. Producing xenon is challenging especially
when starting with a low-concentration feed (1 percent or less), and
therefore, complex hybrid processes that can operate under extreme
conditions are required. Moreover, economic and environmental ana-
lyses of the xenon production process are not included in Table 6
because none of the studies provided data.

Compared to the traditional process, the proposed VPSA process
requires significantly less electricity and operates at room temperature.
Unlike traditional processes, the proposed VPSA process cannot purify
xenon from the atmosphere; however, it can purify concentrations as
low as 0.1 mol%. Further, the VPSA system produces xenon with 99.9 %
purity, making it suitable for practical use. In addition, recycling semi-
conductor waste gas, which has a xenon concentration over 10,000
times higher than that of xenon in air, reduces energy consumption for
enrichment.

The hybrid process of gas hydration and cryogenic distillation [15]
uses by-product gas from the ASU to purify Xe, allowing them to use a
feed with a relatively high xenon concentration of 25.7 % to produce a
product with 99.9 % xenon purity. However, the hybrid process requires

Table 5

Environmental analysis results of the traditional and proposed VPSA processes.
Data Traditional process VPSA process
Electricity consumption [kWh/kg Xe] 1400.97* 40.99
GWP [kg CO; eq] 1104.99* 28.92
Carbon prices in Korean ETS [$/kg CO»] 0.00678 0.00018
MSP [$/kg CO,] 2544 753.58
MSP + Carbon prices [$/kg CO5] 2551 754

* Ecoinvent [46];
“* GWP of Korea Electricity from Ecoinvent [46];
" ICAP-Korean ETS 2023[48].
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Fig. 11. (a) MSP breakdown (b) TEC breakdown, and (c) TOC breakdown.
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Table 6

Comparison of the xenon production process.
Process description Feed Pressure/ Temperature Electricity consumption* Product purity References
Proposed VPSA process Xe 0.1 mol% 0.002-12 bar/303 K 2.43 kWh/kmol 99.9 % This study
Traditional process (ASU) Xe 0.000009 mol% 0.3-0.5 bar/165 K 9.8 kWh/kmol 99.999 % [10]
Gas Hydrate and cryogenic distillation Xe 25.7 mol% 20.6 bar/272 K 3.5 kWh/kmol 99.99 % [15]
Gas hydrate crystallization and membrane process Xe 0.15 mol% 1-60 bar/253-313 K 2617 kWh/kmol 99.96 mol% [16]
Batch distillation and membrane process Xe 0.15 mol% 1-20 bar/165-243 K 3112-3123 kWh/kmol 99.9999 % [17]

Membranes separation Xe 20 mol%

150 bar/243 K

Xe: 99.93 mol%
Kr: 99.6 mol%

7.9 kWh/kmol [18]

* Electricity consumption per kilomole of feed;
" Calculated using information provided in the literature;
“** Data calculated or derived from the results of [1 71;

" Electricity consumption required to produce xenon in concentrations from 0.15 to 99.96% is derived from the work of [16], total electricity consumption

required to produce xenon at a concentration of 99.9999% with 0.15%.

a high pressure of 20.6 bar and 44 % more electricity than that required
by the proposed VPSA process, which suggests that the proposed VPSA
process is more energy efficient process for xenon separation.

A hybrid process of hydrate crystallization [16] and membrane
processes has been used to recover xenon from natural gas. The feed gas
of the hybrid process has a xenon concentration similar to that of the
semiconductor waste gas; however, it requires very high pressure and
relatively low temperatures to form hydrates. The hybrid process
consumed 1,000 times more electricity than the proposed VPSA process,
even without including xenon separation from the formed hydrates.

Hybrid batch distillation and membrane process [17] have also been
used to produce xenon from natural gas. A xenon feed with 99.96 %
purity obtained through gas hydrate crystallization was used to produce
6 N and 9 N pure Xe. Since the hybrid process operates under high
pressure and low temperature conditions, a significant amount of elec-
tricity was required.

Membrane separation [18] utilizes the by-products of ASU. Even
when starting from a relatively high concentration of 20 % xenon feed,
the membrane process used 325 % more electricity than the proposed
VPSA process. Furthermore, the membrane process was operated under
extreme pressure and relatively low-temperature conditions. In contrast,
the proposed VPSA process was operated not only at room temperature
but also at only 10 % of the pressure required by the membrane process.

To enable valid comparisons, an investigation was conducted to
identify membrane separation processes utilizing feed streams with less
than 1 % xenon. While there are examples of using direct air capture
(DAC) to separate other components such as CO,, there are no docu-
mented cases of separating xenon, so the paper using a 20 % xenon feed
was referenced. The need for high pressure should be considered when
using lower concentrations of feed, as higher feed concentrations typi-
cally provide sufficient driving force for separation across the mem-
brane. Therefore, the energy consumption of the membrane separation
process is expected to increase when using a low concentration of xenon
feed, as in the other examples.

Most xenon separation processes operate at high pressures and low
temperatures, thereby requiring more energy than that of the proposed
VPSA. Thus, xenon enrichment using semiconductor waste gas appears
to have an advantage over other xenon enrichment processes in terms of
energy consumption.

4. Conclusion

A VPSA process was proposed for xenon separation to produce xenon
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in a more economical and environmentally friendly manner. The MSP of
xenon in the base case was $753.58/kg, with the lowest MSP at
$554.41/kg for the 14 kmol/h feed flow rate case with an adsorption
pressure of 12 bar. This is less than 30 % of the lowest price in the recent
xenon market, indicating that xenon produced by the proposed VPSA
system is economically viable. Further, the proposed VPSA system
consumes 75 % less electricity than the traditional xenon production
process to produce the same amount of Xe. Carbon emissions can be
reduced by consuming less electricity, making the proposed VPSA sys-
tem more environmentally friendly than the conventional processes.

Furthermore, compared to the various xenon separation processes
currently being studied, the proposed VPSA system uses considerably
less electricity and has milder process conditions. Therefore, xenon
separation for recycling semiconductor waste gas is an economically and
environmentally promising approach for xenon production. However,
research covering the economic and environmental analyses of xenon
production processes remains lacking, and thus, further research on the
MSP and the life cycle assessment of various xenon production processes
would be valuable.
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Appendix A. . Governing equations of the model

Table Al
Governing equations used in the model.
Model equation Expression
Mass balance o(wipy) O(WiprVsup) 9 ow; (6}
e + Ebed 5 (DPTE) —Nads—mass,i
Energy balance . 0Upeq 0 OHy\  0(VeuppHy) 1 0 Ty 4 1 (2%)
Fluid phase=3= = ehedz, (” TDTz) > 1000 2z (’1“” E) “dyg 1000 (T = )
7 ~ = (39
Adsorbed phaseUpeq = &(prHy —102P) + ppeq <ZCQiHads.i\rf + Cpsotia (Tf — Tref.sulid))
daT, d daT, d d 21, 4%
Bed wallp, Gy, 2 = (AW—W) SO ™ B SN . 2 NG T “
ot 0z 0z dyeq l  (dsea dped +1  (dbed
2 2 2 2
Momentum balance P 0,1 eped)Vap  1.75(1 = vea)PrVsp® _ 0 (5%
9z Ebedsdpeuetz Sbedsdpellet
Mass transfer rate oq; — _ 6*)
o :kc(q,- |C; _ql) -
Mass transfer coefficient 0Q; 15Dg; , . -
% _ 1Pt g~ q) 5
ot R?
Equilibrium isotherm —AH; (SM*)
qibo iexp =T ) )
. o Ts

q =———F—
—AH;
1 i P
* (bo‘le)q’(RgTS ))

*[49], **[39], ***[50].
Appendix B. . Cycle description

(a) Adsorption (AD): Components with high affinity for the adsorbent are selectively stored when the high-pressure feed flows through the
adsorption bed. The AD step is connected to the beds of the other PU and PR steps for some time, and a portion of the discharged gas (waste gas)
is used as the purging gas for the PU step and pressurization gas for the PR step.

(b) Idle step (ID): The bed is idle and has no connection to any other bed or stream. This step is introduced between steps to synchronize the
interaction times with the other beds in the next step.

(c) Pressure equalization (depressurization) (ED): The ED step-bed is connected to the ER step-bed using an intermediate valve to achieve pressure
equilibrium. In this step, the pressure is partially reduced before the BD step to reduce the mechanical energy consumption [51] and prevent
sudden pressure changes, which can possibly affect the adsorbent durability.

(d) Blowdown (BD): Before the PU step, the bed is blown down to ensure sufficient vacuum pressure for the PU step.

(e) Desorption (purging) (PU): The stored components are desorbed from the PU bed at a low pressure, and a high-purity xenon product gas is
produced. Part of the exhaust gas from the AD step-bed is used as reflux to facilitate desorption. The adsorption bed is regenerated and prepared
for the subsequent AD steps.

(f) Pressure equalization (re-pressurization) (ER): In contrast to the ED step, the ER step is pressurized through pressure equilibrium. Likewise, it
prevents dramatic pressure changes and reduces mechanical energy consumption.

(g) Re-pressurization (PR): The PR step bed is re-pressurized using exhausted gas at the end of the AD step. Because such gases contain relatively
high amounts of unadsorbed Xe, the reflux can be used to increase recovery.

11
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Appendix C. . Xenon separation unit

Waste gas (N,) Waste gas (N,)

Compressor
Compressor

Product gas
Feed gas 1-stage 2-stage Xe 99.9%
Xe 0.1% Compressor VPSA frstst Compressor VPSA Compressor (1bar)
irst-stage
(1bar) product second-stage
product
Blowdown gas Blowdown gas

Fig. C1. Graphical overview of the xenon separation unit

Appendix D. . Simulation result

The simulation results for all cases are summarized in this section. All simulation results presented in this section reached the cyclic steady state
according to the criteria mentioned in Section 2.3.1.

The first- and second- stage VPSA had tcycle values of 800 and 840 s, respectively. Therefore, the number of cycles operated in a year (ncycle) was ~
33750 for the first- stage and 32,143 for the second- stage (based on 7500 operating hours).

Table D1

First-stage VPSA process simulation results.
Case# Pap Ppuy Freed Xe purity Xe recovery Xe recovery Xe recovery Fprod

[bar] [bar] [kmol/h] (product) (product) (Waste) (Blowdown)[%] [kmol/h]
[%] [%] [%]

1-1* 8 0.002 10 34.3 64.5 26.5 9.02 0.0186
2-1 4 0.002 10 25.0 40.2 52.4 7.46 0.0163
3-1 6 0.002 10 30.2 52.9 38.1 8.98 0.0177
4-1 10 0.002 10 37.3 73.9 12.5 5.57 0.0192
5-1 12 0.002 10 39.4 81.4 4.40 2.50 0.0205
6-1 8 0.02 10 26.9 42.9 39.7 17.4 0.0158
7-1 8 0.2 10 3.54 3.46 82.0 14.6 0.0098
8-1 8 1 10 0.645 0.628 95.4 3.99 0.0097
9-1 8 0.002 6 35.3 81.4 11.5 7.08 0.0137
10-1 8 0.002 8 35.1 72.0 19.4 8.64 0.0163
11-1 8 0.002 12 33.3 58.5 32.4 9.08 0.0209
12-1 8 0.002 14 323 53.9 37.2 8.92 0.0232

* Base case; Cases 2-1 to 5-1: adsorption pressure parametric study; Cases 6-1 to 8-1: desorption pressure parametric study; Cases 9-1 to 12-1: feed flow rate
parametric study.
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Fig. D1. Change in the adsorption front caused by the varied adsorption pressure after the AD step (The feed inlet position of the bed: z = 0, the waste and blowdown
outlet position: z = L).
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Fig. D2. Change in the adsorption front caused by the varied desorption pressure after the PU step (The feed inlet position of the bed: z = 0, the waste and blowdown
outlet position: z = L).
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Fig. D3. Change in the adsorption front caused by the varied feed flowrate after the AD step (The feed inlet position of the bed: z = 0, the waste and blowdown outlet
position: z = L).
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Table D2

Second-stage VPSA process parametric study conditions and results.
Case# Bed length Bed diameter Freed Xe purity Xe recovery Xe recovery Xe recovery Fprod

[m] [m] [kmol/h] (product) (product) (Waste) (Blowdown) [kmol/h]
[%] [%] [%] [%]

1-2 0.7 0.07 0.0186 99.9 74.9 0.951 24.0 0.0045
2-2 0.6 0.06 0.0163 99.9 74.4 1.72 23.6 0.0028
3-2 0.65 0.065 0.0177 99.9 74.2 1.25 24.3 0.0037
4-2 0.7 0.07 0.0192 99.9 74.4 0.847 24.6 0.0049
5-2 0.7 0.07 0.0205 99.9 72.2 0.844 26.9 0.0056
9-2 0.6 0.06 0.0137 99.9 72.9 1.00 26.0 0.0034
10-2 0.65 0.065 0.0163 99.9 73.7 0.953 25.2 0.0040
11-2 0.7 0.07 0.0209 99.9 74.1 1.09 24.6 0.0049
12-2 0.75 0.075 0.0232 99.9 73.1 1.22 25.5 0.0052
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’a 1
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£ 6.00 | 9.00
= 8.80
% 5.00 |
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Fig. D4. Change of the bed pressure along the bed axial position

Appendix E. . Second-stage cycle configuration
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Fig. E1. (a) Adsorption front after the AD step. (b) Bed pressure of the ID step before and after (The feed inlet position of the bed: z = 0, the waste and blowdown
outlet position: z = L).

As shown in Fig. E1 (a), the adsorption of xenon is concentrated near z = 0. Therefore, proper pressure drops at z = 0 are key for xenon desorption
to increase product purity and recovery. In Fig. E1 (b), the bed pressure near z = 0 did not decrease compared to the pressure near z = L (orange curve).
Therefore, for the axial equalization of the bed pressure, the ID step was relocated shortly after the BD step in the second-stage VPSA. With the
modified cycle, the bed pressure profile changed, as shown by the green curve in Fig. E1 (b), and the target purity was reached. The modified cycle for
the second-stage VPSA is shown in Fig. E2.
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Step Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8
Time(s) 210 10 30 210 170 10 30 170
Bed 1 AD ED BD ID PU ER PR D
Bed 2 ER PR ID AD ED BD ID PU
Bed 3 ID PU ER PR D AD ED BD D
Bed 4 ED BD D PU ER ‘ PR ‘ D AD
Fig. E2. Step sequence and duration of the second-stage VPSA process
Table E1
Xenon composition in streams at the end of each step of second stage VPSA process.
Feed (AD) Product (PU) Blowdown (BD) Waste (AD)
Composition Xe 34.29 Xe 99.96 Xe 99.75 Xe 0.76
(%) N3 65.71 N3 0.04 Nj 0.25 N3 99.24
(a) 0.25 (b) 1.20
¥ Fro |
g 020 | : 1.00
=) (=]
E E 080 |
0.15 | =
S 5
.- R I
§ 3 0.60
s 010 2
= = 040 |
< (]
005 | g
g £ 020
3 >
= = z=0 =L
0.00 0.00
Axial position along bed Axial position along bed
AD BD PU PR AD BD PU PR

Fig. E3. Amount of xenon adsorption in the bed at the end of the step: (a) first stage (b) second stage

The amount of xenon adsorbed on the bed at the end of the main step (AD-BD-PU-PR) is shown in Fig. E3. Although the cycle configurations of the
two stages are slightly different, the change in xenon adsorption along the bed during the main step revealed a similar trend: feed gas was injected at z
= 0 during the AD step, leading to xenon adsorption that concentrated at z = 0. In the BD step, a flow towards z = L caused some desorption of xenon.
In the second stage BD step (see Fig. E.3 (b)) a relatively large amount of xenon was desorbed as a larger amount had been adsorbed. Consequently, a
flow to z = L distributed the xenon towards z = L. In the PU step, a considerable amount of xenon was desorbed at x = 0 as the product was produced
towards z = 0. In the PR step, there was little change in the amount of adsorption.

Appendix F. . Simulation results of the economic and environmental analysis

Table F1

Results for EA (First-stage VPSA).
Case# Pap Ppy Ffeed Xe purity Xe recovery Fprod

[bar] [bar] [kmol/h] (product) (product) [kmol/h]

13-1 6 0.002 6 31.44 69.29 0.0131
14-1 6 0.002 8 30.70 59.67 0.0155
3-1 6 0.002 10 30.24 52.95 0.0177
15-1 6 0.002 12 28.71 47.84 0.0199
16-1 6 0.002 14 27.86 44.15 0.0221
9-1 8 0.002 6 35.28 81.42 0.0137
10-1 8 0.002 35.12 72.01 0.0163
1-1 8 0.002 10 34.29 64.46 0.0186
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Table F1 (continued)
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Case# Pap Ppy Freed Xe purity Xe recovery Fprod
[bar] [bar] [kmol/h] (product) (product) [kmol/h]
11-1 8 0.002 12 33.30 58.54 0.0209
12-1 8 0.002 14 32.31 53.90 0.0232
17-1 12 0.002 6 38.21 94.16 0.0146
18-1 12 0.002 8 39.50 87.84 0.0176
5-1 12 0.002 10 39.39 81.49 0.0205
19-1 12 0.002 12 38.92 75.47 0.0231
20-1 12 0.002 14 37.79 70.10 0.0258
Table F2
Result for EA (second-stage VPSA).
Case# Bed Length Bed diameter Freed Xe purity Xe recovery Fprod
[m] [m] [kmol/h] (product) (product) [kmol/h]

13-2 0.6 0.06 0.0131 99.9 74.71 0.0029
14-2 0.65 0.065 0.0155 99.9 74.71 0.0034
3-2 0.65 0.065 0.0177 99.9 74.23 0.0037
15-2 0.65 0.065 0.0199 99.9 73.32 0.0040
16-2 0.65 0.065 0.0221 99.9 72.11 0.0042
9-2 0.6 0.06 0.0137 99.9 72.86 0.0034
10-2 0.65 0.065 0.0163 99.9 73.74 0.0040
1-2 0.7 0.07 0.0186 99.9 74.90 0.0045
11-2 0.7 0.07 0.0209 99.9 74.14 0.0049
12-2 0.75 0.075 0.0232 99.9 73.09 0.0052
17-2 0.65 0.065 0.0146 99.9 74.13 0.0039
18-2 0.65 0.065 0.0176 99.9 70.13 0.0047
5-2 0.7 0.07 0.0205 99.9 72.17 0.0056
19-2 0.7 0.07 0.0231 99.9 69.61 0.0060
20-2 0.7 0.07 0.0258 99.9 67.21 0.0063

Data availability

Data will be made available on request.
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