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ABSTRACT  27 

Industrial hydrogen-rich waste streams hold promises in their upgrading to feed fuel cell 28 

stacks. As in the ammonia synthesis process, a stream of up to 180–240 Nm3 per ton of 29 

ammonia is purged to keep the inert gases concentration below a threshold value; this 30 

stream contains large hydrogen quantities, which could be recovered. In the current 31 

work, a four-column PSA unit has been used to produce a high-purity hydrogen stream 32 

for fuel cell applications from a synthetic mixture with a molar composition of 58 % H2, 33 

25 % N2, 15 % CH4 and 2 % Ar, based on ammonia purge gas. Firstly, a comparative 34 

performance of four commercially adsorbents was accomplished to obtain the adsorption 35 

isotherms of H2, N2, CH4, and Ar, leading to the selection of 5A zeolite adsorbent. Then, 36 

the dynamic behavior of a packed bed was studied by single and multicomponent 37 

breakthrough experiments and simulated using Aspen Adsorption®. The results, 38 

simulations and experimental, indicate that after H2 the first impurity to break thought the 39 

column is Ar, followed by N2 and finally by CH4. Then, a design-of-experiments (DoE) 40 

methodology was used to select the best operating conditions of the experimental cyclic 41 

PSA unit to reach different target hydrogen product concentrations; the overall PSA 42 

performance was evaluated in terms of purity and recovery of H2 product. According to 43 

the results, the four-column PSA unit running at 9 bar produced a stream with hydrogen 44 

concentration of 99.25 % and 99.97 % of H2, with a recovery of 75.3 % and 55.5 %, 45 

respectively, where the impurities were mostly Ar and N2. In addition to the technical 46 

performance, the economic assessment concluded that the cost to compress, transport 47 

and purify waste hydrogen to a concentration of 99.97 % using a small-scale PSA unit 48 

from ammonia plants has been estimated in the range of 1.17 to 1.39 € kg H2
-1, 49 

depending on the dispensing pressure of 350 or 700 bar, respectively. These 50 

assessments offer a cost-effective solution to produce high-purity H2 as low cost 51 

transportation, allowing hydrogen penetration into the mass markets. 52 
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1. INTRODUCTION 57 

Interest in hydrogen, as a unique and versatile energy carrier, has been growing over 58 

the past decade as a way of enabling a full large-scale integration of renewables, in 59 

response to decarbonize all sectors of the economy and concerns about the global 60 

proved fossil-fuel reserves [1]. Energy production and use is the largest source of global 61 

greenhouse-gas (GHG) emissions , where transportation is a major contributor to climate 62 

change, emitting 32 % of CO2 emissions in the European Union (EU) [2]. To meet world’s 63 

agreed climate target defined under the Paris Agreement, worldwide stakeholders must 64 

pursue limit energy-related CO2 emissions to less than 770 megatons per year by 2050 65 

to preserve local air quality [3]. Hence, hydrogen-based energy storage systems will lead 66 

the way for the transition to a decarbonized energy system due to its significant potential 67 

for carbon neutrality along the entire hydrogen value chain.  68 

Therefore, hydrogen demand for fuel cell applications is expected to grow rapidly in all 69 

sectors of the economy: transportation, buildings and industry. In this regard, hydrogen 70 

as a transportation fuel produced at a cost around 1.5 - 3 € kg-1 could be competitive with 71 

conventional fuels within the automotive industry, allowing hydrogen penetration into the 72 

mass markets. According to the European’s 2030 vision, these prices would be viable 73 

by a diversity of clean production routes such as the conventional central steam-74 

reforming of natural gas (SMR) combined with carbon capture and storage (CCS), and 75 

decentralized water electrolysis connected to wind or solar farms [4]. On the other hand, 76 

hydrogen sales price to mobility end-users is currently set at 9 - 10 € kg-1, within the 77 

hydrogen refueling stations (HRS) in Europe. Nevertheless, EU-targets of hydrogen 78 

sales price assessed at nozzle by 2030 should be in the range of 4 - 6 € kg-1 to achieve 79 

cost parity with conventional fuels; but even these figures strongly depend on natural gas 80 

and electricity prices to achieve profitability [5,6].  81 

Among the fuel cell technologies, polymer electrolyte membrane fuel cells (PEMFC) are 82 

one of the most promising electrochemical devices that when fed with hydrogen produce 83 

electricity in a very efficient and clean way. The advantages of PEMFC devices, such as 84 

rapid start-up, high electrical efficiency, silence, low pollutant emissions and ease of 85 

installation, motivate their application to portable, transportation and stationary end-uses 86 

[7]. High-purity hydrogen is beneficial to achieve lifetime EU-targets of fuel cell systems 87 

by 2030 (28,000 h) to become a competitive alternative to conventional internal 88 

combustion engines (ICE) [8].  89 

 90 
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Besides, hydrogen fuel index should comply with ISO 14687 standards, which are 91 

divided in three parts: Part 1 - for all types of applications, except those including 92 

PEMFCs; Part 2 - for road vehicle application, and Part 3 - for stationary application.  93 

According to these standards, hydrogen fuel index of 98% is required to feed ICEs (ISO 94 

14687-1), of 99.9 % for PEMFC stationary appliance systems (ISO 14687-3), and of 95 

99.97 % for PEMFC road vehicle systems (ISO 14687-2) [9–11].  96 

At the same time, H2-rich industrial waste streams are considered potential and 97 

promising sources for hydrogen [12,13]. The hydrogen from these waste streams, which 98 

are normally burned or dumped to the atmosphere, can potentially be recovered and 99 

used as feedstock for the manufacture of commodities such as ammonia or methanol, 100 

or even upgraded to fuel for both transportation and stationary applications. In a previous 101 

work [14], we have reinforced the fact that the use of inexpensive surplus hydrogen 102 

sources offers an economic approach to cover hydrogen demand in the very early stage 103 

of transition to the future global hydrogen-incorporated economy. Depending on the 104 

industrial origin, low-quality H2 streams could contain different types of contaminants 105 

such as H2O, H2S, CO2, C2
+, CH4, CO and N2, that can affect performance and durability 106 

of the fuel cells in different ways, permanently or reversibly [15].  107 

Developments in hydrogen separation processes are driven not only by cost and 108 

performance, but also by the purity requirements of the final application [16]. Air Products 109 

(Prism®), UOP (PolySep™), Air Liquide (MedalTM) and MTR (VaporSep-H2
TM) are the 110 

major technology providers for hydrogen recovery processes based on membrane 111 

modules. Particularly, stand-alone pressure swing adsorption (PSA) technology has a 112 

number of attractive characteristics, such as low energy requirements and low capital 113 

investment costs to produce high-purity products [17,18]. Industrial PSA units typically 114 

comprise a set of columns packed with an adsorbent, which operate simultaneously in 115 

an adsorption/regeneration cycle, in such a way that each bed undergoes the same 116 

sequence of elementary steps, but at different times. PSA process can produce H2 with 117 

purities between 98 % and +99.99 %, with 70 - 90 % H2 recovery in large units with more 118 

than 12 columns and operation pressures above 20 bar [19]. Regarding the mechanism, 119 

most of the PSA processes are equilibrium driven where the selectivity depends on 120 

differences in the equilibrium affinities [20]. The adsorption step is carried out at high 121 

pressure to retain all impurities; whereas the regeneration step is performed by reducing 122 

the total pressure of the bed. Therefore, the purified H2 breaks through the column at 123 

near feed pressure, whereas the tail gas is at very low pressure to maximize H2 recovery. 124 

This operating mode eliminates compression steps afterwards, and therefore permits to 125 

reduce energy consumption. 126 
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Intensive research has been carried out to improve the performance of the PSA process, 127 

either in terms of H2 recovery or in unit size, focused on a variety of industrial effluents, 128 

such as SMR off gas [21], refinery off gases [22], coke oven gas [23,24] and coal gas 129 

[25]. The key development goals of PSA are to increase the yield of the units and to 130 

reduce the costs of smaller PSA systems [16]. With a growing demand of distributed 131 

hydrogen production, the challenge for H2 purification becomes more evident at small-132 

scale PSA units, in which lower recovery values are found, ca. < 75 %, due to the lower 133 

operating pressure also used that gives less flexibility for cycle optimization [26]. 134 

Furthermore, to produce automotive grade H2 at this feed pressure range (P < 10 bar), 135 

recoveries are typically below 70 %, mainly because CO must be removed down to 0.2 136 

ppm [27]. 137 

In the ammonia synthesis process, a stream of up to 180–240 Nm3 per ton of ammonia 138 

is purged to keep the inert gases concentration below a threshold value; this stream 139 

contains large hydrogen quantities, which could be recovered. The molar composition 140 

range of the cleaned purge gas, after water scrubbing, is: 54-67 % H2, 18-25 % N2, 8-141 

15 % CH4, 2-6 % Ar, less than 2500 ppm NH3 and small traces of krypton and xenon 142 

[28,29]. In more recent designs, this hydrogen is mostly recovered and recycled to the 143 

synthesis loop via membrane contactors or cryogenic systems, but some part of the 144 

cleaned purge gas is usually added to the reformer fuel, or even directly released to the 145 

atmosphere [30,31]. 146 

A significant research effort has been already undertaken to upgrade this waste gas 147 

stream, which contains impurities, and improve hydrogen end-use. In 1998, Soon-Haeng 148 

Cho et al. reported a two-stage PSA process packed with zeolite 13X for argon and 149 

hydrogen recovery, simultaneously [32]. Although that study obtained high-hydrogen 150 

purity (> 99 %) in a pilot-plant PSA, there is a lack of information regarding H2 recovery 151 

and the impurity content of the light product stream. Among other purification 152 

technologies under study, a catalytic Pd–Ag membrane reactor to produce pure 153 

hydrogen from ammonia purge gases has been reported by Rahimpour et al. [33,34]. 154 

Recently, a different research work evaluated the integrated configuration of the catalytic 155 

H2-permselective membrane reactor and a solid oxide fuel cell for the flare and purge 156 

gas recovery from ammonia plants [35]. To our knowledge, no study has yielded 157 

significant results in terms of performance as well as cost for upgrading H2 via four-158 

column PSA unit using purge gases from ammonia industry. 159 

 160 
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The overall goal of this work was to evaluate experimentally a four-bed PSA process for 161 

purifying H2-containing gas by using a four-component hydrogen mixture as a simulated 162 

ammonia synthesis vent gas (hereinafter called ammonia purge gas (APG)), described 163 

in Table 1.  164 

Table 1. Case study ammonia purge gas (APG) parameters [36–38] 165 

Specifications Value 

Purge gas flow rate (Nm3 ton-1 NH3) 180 - 240 

Purge gas pressure (bar) 150 - 200  

Temperature (°C) ca. 20 

Gas composition (% vol.) - 

H2 58.0 

N2 25.0 

CH4 15.0 

Ar 2.0 
 166 

The adsorption equilibrium isotherms of H2, N2, CH4, and Ar on several commercially 167 

adsorbents are obtained and, the most suitable adsorbent was selected and further 168 

characterized. Then, the adsorptive properties of the selected adsorbent were confirmed 169 

by single and multicomponent breakthrough runs and simulations. Once the 170 

breakthrough times were obtained for a single column, a design-of-experiments (DoE) 171 

was conducted to optimize the lab four-column PSA unit to produce target hydrogen 172 

purities at maximum recoveries. In addition to the technical performance, a brief 173 

economic analysis is provided for the hydrogen purification.  174 

2. MATERIALS AND METHODS 175 

2.1. Materials 176 

For accomplishing the hydrogen purification, a set of four commercial adsorbents was 177 

selected and the corresponding properties are presented in Table 2. These adsorbents 178 

are an activated carbon (2GA-H2, Kuraray CO., Ltd., Japan) and zeolites LiX (ZEOX 179 

Z12-07, Zeochem AG, Switzerland), 13X (13XBFK, CWK-Chemiewerk Bad Köstritz, 180 

Germany) and 5A (5ABFK, CWK).  181 

Table 2. Physical properties of the studied adsorbents 182 

Adsorbent Type Cation Structure 𝒅𝐩 (mm) 𝝆𝐩 (g cm-3) 

AC Pellet - Amorphous 1.2 2.1±0.1 

13X 

Spherical 
Na+ 

X 1.6-2.5 2.3±0.1 

5A A 1.6-2.5 2.3±0.1 

LiX Li+ X 0.4-0.8 2.4±0.1 

 183 
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Prior to the isotherm measurements, zeolites were regenerated at 375 °C overnight 184 

under synthetic air flow. After regeneration, the temperature was allowed to decrease 185 

slowly at 1 °C min-1. Helium pycnometry was performed to determine the structural 186 

volume of the samples and then the density of the adsorbents. For the multicomponent 187 

breakthrough experiments, a tank was used to prepare the synthetic gas mixture under 188 

study. All gases in this study had purities higher than 99.99 % and were supplied by 189 

Linde. 190 

2.2. Methods 191 

2.2.1. Equilibrium isotherms 192 

Single-component adsorption isotherms were obtained using the volumetric method, 193 

described elsewhere [39], for H2, N2, CH4 and Ar at different temperatures (20 °C, 40 °C 194 

and 60 °C) and pressure up to 7 bar. By a mass balance, assuming ideal gas behavior 195 

and knowing the pressure decay inside the sample vessel, which initially has been 196 

evacuated to P < 0.01 mbar, it is possible to determine the amount of adsorbed gas. In 197 

this work, adsorption equilibrium isotherms were fitted to the dual site Langmuir (DSL) 198 

equation, according to Eq. (1) [40].  199 

𝑞i
∗ =

𝑞max,1 · 𝑏1 · 𝑃i

1 + 𝑏1 · 𝑃i
+  

𝑞max,2 · 𝑏2 · 𝑃i

1 + 𝑏2 · 𝑃i
 Eq. (1) 

where 𝑞i
∗ is the molar concentration in the adsorbed phase (mol kg-1), 𝑞max,1 and 𝑞max,2 200 

are the maximum adsorbed concentration on sites 1 and 2, respectively (mol kg-1); 𝑃i is 201 

the partial pressure in the gas phase (bar); and 𝑏1  and 𝑏2 are the affinity constants for 202 

site 1 and 2, respectively (bar-1). Obtaining the adsorption isotherms at three different 203 

temperatures, 𝑇1 to 𝑇3, allows determining the heats of adsorption using Eq. (2) – (3), 204 

where 𝑏∞ is the pre-exponential factor of the affinity constant and R is the gas constant. 205 

For the breakthrough simulations which are further described below, it was assumed that 206 

the heats of adsorption on the first and second sites are equal (∆𝐻1 = ∆𝐻2).  207 

𝑏1 = 𝑏∞,1 · e∆𝐻1 R𝑇⁄  Eq. (2) 

𝑏2 = 𝑏∞,2 · e∆𝐻2 R𝑇⁄  Eq. (3) 

Thus, parameters  𝑞max,1 ,  𝑞max,2 ,  𝑏∞,1 ,  𝑏∞,2 ,  ∆𝐻  were calculated by a non-linear data 208 

fitting of the experimental adsorption isotherms, minimizing the residual sum of squares, 209 

𝑅𝑆𝑆, as follows: 210 
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𝑅𝑆𝑆 (%) = ∑ ∑(𝑞i,exp
∗ − 𝑞i,mod

∗ )
2

𝑁

𝑘=1

𝑇3

𝑇=𝑇1

 Eq. (4) 

with 𝑞i,exp
∗  and 𝑞i,mod

∗  as the experimental and estimated adsorbed concentration, 211 

respectively; 𝑘  is the number of data points per experimental isotherm and gas 212 

component; and 𝑁 is total number of experimental points. 213 

The equilibrium separation factor 𝛼i j⁄  was used to assess the adsorbent ability to 214 

separate the gases under study, which is usually expressed using Eq. (5) [41,42]:  215 

𝛼i j⁄ =
𝑞i

∗ 𝑞j
∗⁄

𝑃i 𝑃j⁄
 Eq. (5) 

where 𝑞i
∗ and 𝑞i

∗ are the molar loading of species i and j at partial pressure of 𝑃i and 𝑃j, 216 

respectively, under the process conditions. Therefore, separation factor in equilibrium-217 

based separation processes indicates the effectiveness of the separation performance 218 

between gases i and j by the considered adsorbent, and therefore they are discussed in 219 

the following section.  220 

2.2.2. Adsorption breakthroughs 221 

2.2.2.1. Experimental set-up 222 

A set of breakthrough experiments was carried out in a fixed-bed column for the selected 223 

5A zeolite adsorbent, recording the history of the outlet stream composition – 224 

breakthrough curves. From the breakthrough curves, the amount of gas adsorbed can 225 

be evaluated allowing to validate the adsorption equilibrium isotherms. Moreover, one 226 

can evaluate the duration of the adsorption step in the PSA cycle [43]. 227 

Single and multicomponent breakthrough experiments were conducted in an 228 

experimental set-up as described elsewhere [44] and schematically pictured in Figure 1. 229 

The lab set-up is placed in a thermostatic chamber to ensure isothermal operation, where 230 

the packed column with the selected adsorbent is equipped with two thermocouples and 231 

two pressure transducers at the entrance and the exit of the column; the process 232 

pressure is handled using a high precision backpressure regulator (Equilibar EB1LF2). 233 

The feed flow rate is controlled using Bronkhorst mass flow controllers’ series F-201C 234 

(0−0.1 LN min−1), F-112CV (0−1 LN min−1) and F-201CV (0−10 LN min−1), and a mass flow 235 

meter series F-111C (0−3 LN min−1) for measuring the exit flowrate. The composition of 236 

the outlet gas is determined using a mass spectrometer (Pfeiffer GSD 301 O2). The 237 

characteristics of the column and the experimental conditions are detailed in Table 3.  238 
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 239 

Figure 1. Single adsorption column flow diagram. MFC, flow controller; MFM, flow 240 
meter; 2V, 2-way valve; 3V, 3-way valve; C, check valve; TT, thermocouple; P, 241 

pressure transducer; BPR, back pressure regulator. 242 

Adsorption and desorption breakthrough measurements were carried out at 40 °C, 243 

varying the pressure and feed flow rate. After each adsorption assay, desorption 244 

breakthroughs were performed passing pure He through the column. Owing to the 245 

available mass spectrometer could not operate with streams with a molar hydrogen 246 

concentration >20 %, the measurements were carried out using gas mixtures balanced 247 

with He. 248 

Table 3. Characteristics of the column and experimental conditions  249 

Column characteristics Value 

𝐿bed (cm) 33.8 

𝑑in (cm) 3.16 

𝑑0 (cm) 3.49 

TT distance from top and 
bottom (cm) 

2.5 

Adsorbent type 5A zeolite 

 𝑚ads(g) 193.12 

Feed conditions Value 

He:N2 75:25 

He:Ar 98:2 

He:CH4 85:15 

He:H2 80:20 

He:H2:N2:Ar:CH4 38:20:25:2:15 

𝑄F (LN min-1) 0.5 / 2.75 

𝑃 (bar) 1 / 4.5 

𝑇 (ºC) 40 
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2.2.2.2. Modeling and simulation of breakthrough curves 250 

The breakthrough curves were simulated using Aspen Adsorption® V.10; the partial 251 

differential equations (PDEs) corresponding to mass, energy and momentum balances 252 

are discretized over an uniform grid using algebraic approximations with suitable 253 

boundary and initial conditions.  The first order space derivative was approximated using 254 

an upwind differencing scheme (UDS) applied in 60 nodes. The resulting ordinary 255 

differential equations (ODEs) are further integrated in time. Accordingly, a non-256 

isothermal and non-adiabatic model was applied using measured parameters (isotherm 257 

parameters, bed geometry, etc.) and other properties, for instance, heat capacity and 258 

conductivity, as input values found in the literature.  259 

The main assumptions of the mathematical model used for simulating breakthrough 260 

curves are [43,45]: 261 

 ideal gas behavior throughout the column. 262 

 negligible radial gradients (𝑃, 𝑇, 𝑦). 263 

 non-isothermal and non-adiabatic conditions with gas and solid heat conduction. 264 

 the adsorption rate is approximated by the linear driving force (LDF) model. 265 

 convection with constant dispersion for all components through the bed based on the 266 

axial dispersed plug flow-model. 267 

 adsorption equilibrium described by DSL isotherms, forcing the heat of adsorption of 268 

each site to be equal. 269 

 pressure drop described by Ergun’s equation. 270 

 constant heat transfer coefficients.  271 

 constant and homogeneous bed porosity along the bed length. 272 

According to these assumptions, the governing equations and input values are fully 273 

explained in Appendix B. After that, the developed model was validated comparing 274 

selected simulation results with the corresponding breakthrough experiments.  275 

2.2.3. Experimental PSA unit 276 

2.2.3.1. Process description 277 

A four-column PSA was optimized to produce hydrogen for fuel cells applications from a 278 

synthetic mixture based on purge gases from ammonia industry. A sketch of the PSA 279 

unit, described elsewhere [46], is shown in Figure 2. The PSA unit was packed with 5A 280 

zeolite and a fifth column was used as a tank to store part of the product needed for the 281 
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selected adsorption cycle. Additionally, two tanks were installed, one for minimizing 282 

pressure fluctuations and the other for collecting the light product. The packed columns 283 

were made of stainless steel with a length of 34.5 cm, an inner diameter of 2.7 cm, and 284 

a wall thickness of 0.15 cm. Three Bronkhorst mass flow meters’ series F-112AC (0−20 285 

LN min−1), F-111C (0−2 LN min−1), and F-111B (0−3 LN min−1) were used to measure the 286 

flow rate of the feed, purge and product streams, respectively. A needle valve was placed 287 

at the top of the columns to regulate the purge and backfill flowrates. A Bronkhorst 288 

pressure controller series P-702CV (0-10 bar) was placed after the product tank to 289 

maintain constant light product pressure. Four pressure transducers at the bottom of 290 

each bed were used to obtain the pressure history during operation. Check valves and 291 

solenoid valves were installed to direct the flow according to the PSA cycle and prevent 292 

reverse flow. The analysis of the cyclic steady state outlet gas composition was 293 

performed using an online gas chromatograph (Dani GC 1000 equipped with a TCD 294 

detector). N2 and Ar concentration was measured as a whole. The detection limit in all 295 

cases, N2 + Ar and CH4 concentrations, were assumed to be <100 ppm. All instruments 296 

were connected to a computer using a data acquisition card (LabView interface); a 297 

routine written in the LabView platform was used for acquiring all data while a Visual 298 

Basic routine was used for controlling the solenoid valves according to the PSA cycle. 299 

 300 

 301 
Figure 2. Schematic of the four-column PSA system. MFC, flow controller; MFM, flow 302 

meter; V, Solenoid vales; C, check valve; NV, Needle valve; TT, thermocouple; P, 303 
pressure transducer; PC, pressure controller. 304 

 305 

Bed 1 Bed  2 Bed  3 Bed  4

MFC

V-1 V-2 V-3 V-4 V-5 V-6

P
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product
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V-9

V-13 V-14 V-15 V-16

V-10 V-11 V-12

C-3 C-4

C-1 C-2

NV-1

Storage 
column

PPP

PC

MFM

Product
tank

Off-gas

TT
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During the PSA cycle, each column run 9 elementary steps with different durations 306 

resulting in a 12-events cycle as described (following Bed 1): I) adsorption (AD) at the 307 

high pressure, II) H2 product is split in two parts (AD/BF); one part of the stream flows to 308 

the storage column and the other is conducted to pressurize (backfill) Bed 2, which is 309 

the next adsorption bed, III) depressurization pressure equalization (DPE) down to an 310 

average pressure between Bed 1 and Bed 3, IV) blowdown (BD) to the low cycle 311 

pressure, V) purge with H2 product (PG), VI) Idle (IDLE), VII) first pressurization pressure 312 

equalization (FPPE) up to an average pressure between Bed 1 and Bed 3, VIII) backfill 313 

with H2 product (BF) and IX) second pressurization pressure equalization (SPPE) with 314 

the effluent from the producing bed Bed 4. Before operation, the PSA was pressurized 315 

with H2 at the adsorption high pressure. 316 

Table 4. Sequence of 12-events PSA cycle a 317 

Events 1 2 3 4 5 6 7 8 9 10 11 12 

Bed 1 AD AD/BF DPE BD PG IDLE FPPE BF SPPE 

Bed 2 FPPE BF SPPE AD AD/BF DPE BD PG IDLE 

Bed 3 PG IDLE FPPE BF SPPE AD AD/BF DPE BD PG 

Bed 4 DPE BD PG IDLE FPPE BF SPPE AD AD/BF 

a Adsorption (AD), providing backfill (AD/BF), depressurization pressure equalization 318 
(DPE), blowdown (BD), purge (PP), idle (IDLE), first pressurization pressure 319 

equalization (FPPE), backfill (BF), second pressurization pressure equalization (SPPE). 320 

The cyclic sequence for the process and a typical pressure history along the cycle are 321 

given in Table 4 and Figure 3, respectively. The longer cycle steps (AD, PG, IDLE, BF) 322 

have a duration of 𝑡ad= 60-90 s, whereas the shorter cycle steps (AD/BF, DPE, BD, 323 

FPPE, SPPE) were fixed at 𝑡eq= 4 s. 324 

 325 
Figure 3. Schematic diagram of the cycle sequences used in the PSA experiments 326 

AD AD/BF DPE BD PG IDLE FPPE BF SPPE

P
re

s
s
u

re

Time 
tad 4·tad

Ph
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2.2.3.2. Experimental design 327 

In this study, 9-step 4-bed PSA experiments, described in Figure 3, were carried out 328 

under various operating conditions. The system performance depends on several 329 

process variables such as temperature of operation, cycle sequence, high and low 330 

operating pressures, purge-to-feed 𝑃/𝐹 ratio, etc.  331 

Herein, 𝑃/𝐹 ratio; adsorption pressure, 𝑃h; and adsorption time, 𝑡ad, which includes time 332 

of elementary steps I and II, 𝑡ad= 𝑡I + 𝑡II, were selected as three dimensionless factors. 333 

Other variables were preset at defined values, such as low operating pressure 𝑃l= 1 bar; 334 

feed flow rate, 𝑄F= 2 LN min-1 and equalization time, 𝑡eq= 4 s. To compare performances 335 

among the PSA operations, the performance indicator parameters were assessed in 336 

terms of hydrogen purity, 𝐻𝑃, as well as productivity and recovery, 𝐻𝑅, defined as shown 337 

in the following Eq. (6) - Eq. (8) [40,47]: 338 

𝐻𝑃 =
∫ 𝑦prod,H2

𝑡ad

0
∙ 𝑄prod𝑑𝑡

∑ ∫ 𝑦prod,i
𝑡ad

0
∙ 𝑄prod𝑑𝑡𝑛

𝑖=1

· 100 Eq. (6) 

𝐻𝑅 =
∫ 𝑦prod,H2

𝑡ad

0
∙ 𝑄prod𝑑𝑡

∫ 𝑦𝐹,H2

𝑡ad

0
∙ 𝑄F𝑑𝑡

· 100 Eq. (7) 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
∑ ∫ 𝑦prod,i

𝑡ad

0
∙ 𝑄prod𝑑𝑡𝑛

𝑖=1

𝑚ads · 𝑡cycle
 Eq. (8) 

The influence of the aforementioned factors on the system performance has been 339 

assessed and optimized following a DoE methodology [48]. This creates a factorial 340 

experimental plan by both reducing the number of experimental runs required and also 341 

maximizing the accuracy of the results obtained [49]. Response surface methodology 342 

(RSM) uses multiple regression analysis to relate predicted response with the 343 

independent factors [50]. RSM analysis was conducted using the statistical software JMP 344 

7.0 (SAS Institute Inc.). In this work, it was used a central composite design (CCD) 345 

method for the factorial study that combines two-level three-factorial points, 23, plus 2x3 346 

axial points, with two replicas at the center point, leading to a total number of sixteen 347 

experiments [51]. For generating design matrices, three dimensionless factors, 𝑋i, for 348 

each independent factor, ranging from -1 to +1 as the lower and upper limits, have been 349 

coded according to:  350 

𝑋1 =
𝑡ad − 𝑡a̅d

𝑡ad,+1 − 𝑡ad,−1

2

;   𝑋2 =
𝑃h − �̅�h

𝑃h,+1 − 𝑃h,−1

2

;    𝑋3 =
𝑃/𝐹 − 𝑃/𝐹̅̅ ̅̅ ̅

𝑃/𝐹+1 − 𝑃/𝐹−1

2

 Eq. (9) 
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The experimental values were fitted to an empirical second-order polynomial equation, 351 

which describes the effect of the selected factors upon the process responses as 352 

represented in Eq. (10):  353 

ŷ (𝐻𝑃; 𝐻𝑅) = β0 + β1𝑋1 + β2𝑋2 + β3𝑋3 + β4𝑋2𝑋1 + β5𝑋1𝑋3 + β6𝑋2𝑋3 

+β7𝑋1
2 + β8𝑋2

2 + β9𝑋3
2 

Eq. (10) 

where ŷ is the process response; 𝑋1, 𝑋2 and 𝑋3 are the dimensionless process factors; 354 

and (β0 ), (β1 , β2 , β3 ), (β4 , β5 , β6 ), and (β7 , β8 , β9 ) represent the intercept, linear, 355 

interaction, and quadratic coefficients, respectively. The analysis of variance (ANOVA) 356 

of the data was performed to assess the fitness of the polynomial model. According to 357 

Eq. (10), optimization of the response ŷ can be applied based on purity requirements for 358 

industrial use, road vehicle or stationary applications; meanwhile hydrogen recovery is 359 

maximized.  Conforming to screening experiments and literature data, the ranges of the 360 

factors as well as the operating conditions of the PSA tests were selected and shown in 361 

Table 5.  362 

Table 5. Operating conditions of the PSA runs 363 

Column characteristics Value 

𝐿bed (cm) 35 

𝑑in (cm) 2.7 

𝑑0 (cm) 3.0 

Thermocouple distance from top 
and bottom (cm) 

15 

Adsorbent type 5A zeolite 

 𝑚ads per column (g) 136.1 ± 0.7 

Fixed conditions Value 

H2:N2:Ar:CH4 (% vol.) 58:25:15:2 

𝑄F (LN min-1) 2 

𝑃l (bar) 1 

T (ºC) ca. 25 

𝑡eq (s) 4 

𝑡cycle(s) 4·𝑡ad 

Minimum number of PSA cycles 40 

Variable conditions 

Symbol  Lower bound Upper bound 

𝑃/𝐹 (-) 0.1 0.2 

𝑡ad (s)  60 90 

𝑃h (bar) 7 9 

3. RESULTS AND DISCUSSION 364 

3.1. Adsorption equilibria  365 
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Adsorption isotherms of H2, N2, CH4, and Ar on the material adsorbents given in Table 366 

2, for three temperatures (20 °C, 40 °C and 60 °C) and pressures up to 7 bar. Equilibrium 367 

adsorption data for all the candidate adsorbents under study is fully set out in Appendix 368 

A. To compare the performance of the adsorbents, equilibrium separation factors of H2 369 

over the other gases (H2:N2:CH4:Ar, 58:25:15:2 %v/v) are summarized in Figure 4. 370 

According to Eq. (5), the separation factor depends on the relative equilibrium quantities 371 

of each adsorbed species under the process conditions. Therefore, the partial pressure 372 

of each gas was stated considering a pressure swing between high pressure, 𝑃h ~ 9 bar, 373 

and the pressure, 𝑃l ~ 1 bar, which were used during the PSA operation.  374 

 375 
Figure 4. Separation factor between H2 and the other gases i, at 𝑷𝐡 and 𝑷𝐥 pressures 376 

for different adsorbents; LiX (black), 13X (red), 5A (green) and AC (blue). 377 

Figure 4 shows that the Ar/H2 separation factor is the lowest for all adsorbents followed 378 

by N2 and then CH4. This means that Ar is a tricky gas to separate from H2 without 379 

decreasing hydrogen recovery. Furthermore, zeolite LiX has the lowest Ar/H2 separation 380 

factor, 4.6, followed by zeolites 13X, 6.7; 5A, 7.6, and the highest value is obtained by 381 

activated carbon AC, 10.2. On the contrary, LiX zeolite has the highest N2/H2 separation 382 

factor, 19-37, with a considerable difference between pressure swing values as it is 383 

expected looking at the isotherm curvature. This zeolite is followed by 5A zeolite, [19-384 

27]; 13X, 14-18 and AC, 8-11. Regarding CH4/H2 separation factor, the zeolite 5A 385 

accounts for the highest values [34-43], followed by AC, 27-43, LiX, 29-39, and then 13X, 386 

25-28.  According to these results, activated carbon AC is the best adsorbent for Ar 387 

removal, whereas LiX and 5A zeolites perform better to remove N2 and CH4, respectively, 388 

from the feed.  389 
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In this regard, others have shown that the use of activated carbon in an argon controlling 390 

hydrogen PSA increases hydrogen recovery from a feed gas with Ar, N2 and CO as minor 391 

adsorbable impurities [52]. Nonetheless, given that the bulk density of zeolite is higher 392 

than for AC, 728 kg m-3 and 600 kg m-3, respectively, and that the separation factor is 393 

only 1.3 times higher, the benefit of using an additional AC layer is almost negligible. 394 

However, due to its well-balanced N2/H2 and CH4/H2 separation factors and acceptable 395 

Ar removal performance, 5A zeolite appears as the best choice for purifying H2 from 396 

ammonia purge gas stream; besides zeolite 5A is a robust cost-effective adsorbent. For 397 

that reason, this material was further characterized. 398 

     

    

Figure 5. Adsorption isotherms on 5A zeolite for a) H2, b) Ar, c) N2 and d) CH4
 at 20 °C 399 

(blue); 40 °C (green); and 60 °C (red). 400 

According to the adsorption isotherms plotted in Figure 5, the order of adsorption 401 

capacity on zeolite 5A up to 7 bar is H2 << Ar < N2 < CH4. It is also observed that the 402 

adsorbed concentration increases with pressure with a linear trend for H2 and Ar, and 403 

slightly favorable isotherms for N2 and CH4. On the contrary, the adsorption capacity 404 

decreases when the temperature increases due to the exothermic behavior, according 405 

to Eq. (1). As illustrated in Figure 5, dotted lines represent the DSL model, which is shown 406 

to suitably represent the experimental data. In the 5A zeolite, the adsorbed concentration 407 

of H2 at 20 °C and 2 bar is 0.049 mol kg-1, which is in agreement with similar studies in 408 
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literature; i.e., ~ 0.036 mol kg-1 at 20 °C [53] and ~0.028 mol kg-1 at 25 °C [54]. Regarding 409 

the equilibrium adsorbed concentrations of the other adsorbates in the same conditions, 410 

Ar is 0.331 mol kg-1, N2 is 0.967 mol kg-1 and CH4 is 1.503 mol kg-1. For this material, 411 

relatively lower adsorbed concentrations have been reported in literature; i.e., for N2, ~ 412 

0.5-0.8 mol·kg-1 at 20-30 °C and CH4, ~ 1.2-1.4 mol kg-1 at 30 °C [53,55,56]. In contrast, 413 

there is a lack of data for the adsorbed concentration of Ar on this material.  414 

The adsorption isotherms confirm that 5A zeolite is a suitable adsorbent for hydrogen 415 

purification due to its low H2 adsorption capacity compared with the values obtained for 416 

the other gases (N2, CH4, and Ar). The parameters of the DSL model are summarized in 417 

Table 6. The adsorption heat of the studied gases follows the same trend as the 418 

adsorption capacities described above, and these parameters are in accordance with 419 

those reported for N2 and CH4 on zeolite 5A elsewhere [53,55].  420 

Table 6. Dual-site Langmuir parameters on 5A zeolite 421 

Parameter Units H2 N2 CH4 Ar 

𝑞max,1 mol kg 1 2.58 2.37 2.79 1.69 

𝑏∞,1 bar-1 2.01·10-4 3.60·10-5 1.91·10-5 1.63·10-4 

∆𝐻1= ∆𝐻2 kJ mol-1 9.45 20.88 23.13 13.88 

𝑞max,2 mol kg-1 0.39 0.95 1.76 5.0 

𝑏∞,2 bar-1 3.12·10-5 4.85·10-5 1.90·10-5 6.99·10-5 

𝑅𝑆𝑆 % 5.64·10-5 1.98·10-3 2.48·10-2 6.10·10-5 

3.2. Mono- and multicomponent breakthrough tests 422 

Breakthrough experiments are required to study the adsorption bed dynamics and to 423 

validate the mathematical model. Accordingly, breakthrough curves were measured at 424 

different operational conditions of feed flowrate and pressure according to Table 3. The 425 

results of the single component adsorption and desorption breakthroughs of H2, Ar, N2 426 

and CH4 on 5A zeolite are illustrated in Figure 6. The reversibility of single and 427 

multicomponent breakthroughs was confirmed as the adsorption and desorption values 428 

fall on the same trend line. The breakthrough times of single component for H2, Ar, N2 429 

and CH4 are approximately 31 s, 80 s, 190 s and 270 s, respectively, at 1 bar and 0.5 LN 430 

min-1, whereas the values change to 29 s, 70 s, 130 s and 200 s, respectively, at 4.5 bar 431 

and 2.75 LN min-1. This indicates that the first impurity to break through the column is Ar, 432 

followed by N2 and CH4. The results show that Ar adsorbs only slightly and H2 adsorbs 433 

significantly less than Ar. However, the fast breakthrough of Ar on zeolite 5A may 434 

negatively affect H2 purity and recovery. Therefore, H2 product of the PSA unit packed 435 

with zeolite 5A is expected to be controlled by the concentration of Ar. 436 
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Figure 6. Single component adsorption and desorption breakthroughs of a) H2, b) Ar, c) 437 

N2 and d) CH4 on 5A zeolite. Solid lines, adsorption; dashed line, desorption. 438 

 

 

 

 

 

 
 

Figure 7. Temperature history of the single component breakthroughs of a) H2, b) Ar, c) 439 
N2 and d) CH4, at 0.5 LN min-1, 1bar and 40 °C. Solid lines, adsorption; dashed line, 440 

desorption. 441 
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Moreover, Figure 7 reports the inner-temperature profiles at the bottom and the top of 443 

the column for the breakthrough curves depicted in Figure 6. Due to the low amount of 444 

H2 and Ar adsorbed, the temperature peaks corresponding to these components were 445 

negligible. Likewise, the temperature remains nearly constant for Ar and H2 desorption 446 

breakthroughs, while a temperature decrease is observed for N2 and CH4.  447 

The comparison of the simulation results with the experimental single component and 448 

multicomponent data at 0.5 LN min-1, 1 bar and 40 °C, is included in Figure 8 and Figure 449 

9, respectively. Despite the simplifications, the dynamic mathematical model is in 450 

reasonable agreement with the experimental breakthrough curves for the concentration 451 

and temperature. The breakthrough curves are predicted with a slight advanced 452 

breakthrough time and temperature not exceeding 20 s and 1 °C, respectively.  453 

Furthermore, as depicted in Figure 9, the breakthrough times for H2, Ar, N2 and CH4 from 454 

multicomponent mixtures are very similar to the values given above for single component 455 

breakthroughs.  456 

 457 

 458 

Figure 8. Comparison between the simulation and the experimental single component 459 
breakthrough data, at 0.5 LN min-1, 1bar and 40 °C. Solid lines denote the experimental 460 

data; dotted lines denote the simulated data. 461 
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Regarding the temperature effect, the temperate history at the bed inlet (T – Bottom) 462 

displays only one peak corresponding to all components of the mixture, since the 463 

different components have not been separated yet. In turn, at the top of the column (T – 464 

Top), the two peaks of temperature, at ca. 43.0°C, at instants 190 s and 270 s correspond 465 

to the adsorption heat generated by the concentration fronts of adsorbates N2 and CH4, 466 

respectively. 467 

 468 

 469 

Figure 9. Comparison between the simulation and the experimental multicomponent 470 
breakthrough data, at 0.5 LN min-1, 1bar and 40 °C. Solid lines denote the experimental 471 

data; dotted lines denote the simulated data. 472 

3.3. PSA experiments 473 

A set of PSA experiments were performed as indicated in Table 4. To reach the cyclic 474 

steady-state, the four-bed PSA unit was operated experimentally for at least 40 cycles, 475 

until the product concentration history remained constant. Table 7 summarizes a total of 476 

24 PSA tests performed, including the experimental results obtained for each run as well 477 

as the modeled results. Runs #1 to #16 were designed based on CCD methodology, 478 
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assessing the experimental reproducibility. The results show that CH4 concentrations 480 

were below the detection limit of the gas analyzer, except for run #21 at 𝑃/𝐹 = 0.04. 481 

Table 7. Performance of the cyclic PSA unit 482 

 DoE factors Experimental process responses RSM predictions 

run 
nº 

Ph 
(bar) 

tAD 
(s) 

P/F 
(-) 

𝑯𝑷 
(%vol.) 

𝒚𝑵𝟐+𝑨𝒓 
(ppm) 

𝒚𝐂𝐇𝟒
  

(ppm) 

𝑯𝑹 
(%) 

Productivity 
(molH2/kg·day) 

𝑯𝑷 
(%vol.) 

𝑯𝑹 
(%) 

1 7 90 0.11 99.51 4940 <100 71.4 391.6 99.52 71.9 

2 8 75 0.20 99.99 <100 <100 43.3 237.7 100.0 43.6 

3 8 75 0.21 +99.98 <100 <100 43.2 237.1 100.0 43.1 

4 9 75 0.20 +99.98 <100 <100 37.2 203.8 99.99 36.7 

5 8 60 0.23 +99.98 <100 <100 28.1 154.2 99.99 28.5 

6 7 60 0.15 99.98 183 <100 49.4 271.0 99.99 49.4 

7 8 75 0.14 +99.98 <100 <100 50.9 279.2 99.99 51.4 

8 8 75 0.14 +99.98 <100 <100 50.3 275.8 99.99 50.8 

9 8 75 0.09 99.84 1551 <100 62.1 340.7 99.85 60.8 

10 9 90 0.09 99.89 1111 <100 61.6 337.1 99.87 61.7 

11 9 90 0.10 99.88 1170 <100 60.7 333.4 99.90 59.7 

12 7 60 0.09 99.82 1764 <100 60.6 334.0 99.81 61.0 

13 8 90 0.18 99.92 752 <100 56.2 308.1 99.90 56.3 

14 7 75 0.19 99.96 447 <100 54.9 301.4 99.94 54.2 

15 9 60 0.13 +99.98 <100 <100 37.4 205.3 100.0 36.7 

16 9 60 0.16 +99.98 <100 <100 29.7 162.7 100.0 30.7 

17 9 90 0.16 99.97 325 <100 40.0 219.6 99.99 51.5 

18 7 90 0.09 99.12 8820 <100 75.4 413.6 99.41 75.1 

19 9 75 0.10 99.99 <100 <100 52.5 283.1 99.97 53.4 

20 9 75 0.08 99.93 740 <100 55.9 306.6 99.94 56.6 

21 8 90 0.04 98.27 16043 1272.12 79.5 436.0 99.41 77.4 

22 8 75 0.06 99.49 5090 <100 68.1 373.5 99.71 68.0 

23 9 60 0.17 +99.98 <100 <100 30.9 170.0 100.0 30.0 

24 9 90 0.16 99.98 245 <100 51.4 282.0 99.99 51.9 

Two empirical models, previously described by Eq. (10), were fitted for H2 purity and 483 

recovery, from the CCD results, using the statistical software JMP. Model parameters of 484 

model 1 for describing hydrogen purity, 𝐻𝑃 , and model 2 for describing hydrogen 485 

recovery, 𝐻𝑅, as well as the statistical and regression parameters are presented in Table 486 

8. All parameters display a p-value smaller than 5 %; moreover, the empirical models 487 

describe accurately the experimental results with determination coefficients of R2 = 0.985 488 

and R2 = 0.997, for 𝐻𝑃 and 𝐻𝑅, respectively. 489 

Table 8. ANOVA for response surface models 490 

 Model 1, 𝑯𝑷 Model 2, 𝑯𝑹 

Parameter Estimate p-value Estimate p-value 

β0 99.99 <.0001 51.5 <.0001 

β1 -0.10 <.0001 9.2 <.0001 

β2 0.10 <.0001 -7.5 <.0001 

β3 0.19 <.0001 -17.5 <.0001 

β4 0.08 <.0001 0.3 0.464 

β5 0.07 0.014 4.1 0.003 

β6 -0.13 <.0001 -1.3 0.189 

β7 -0.04 0.004 -0.7 0.198 

β8 -0.05 0.001 1.4 0.024 
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β9 -0.24 <.0001 6.4 0.005 

R2 0.985 0.997 

RMSE 0.02 0.92 

p-value <0.0001 <0.0001 

3.3.1. The effect of independent factors on responses 491 

The response surfaces of these models are displayed in Figure 10, for adsorption 492 

pressures at 7 bar (green), 8 bar (blue) and 9 bar (red). This figure shows similar surface 493 

shapes for the three pressures. As it can be seen, an increase in adsorption pressure 494 

leads to a purity increase (Fig. 10 (a)) whereas the recovery (Fig. 10 (b)) and productivity 495 

drop. The same trend is observed increasing the 𝑃/𝐹 ratio while the opposite trend is 496 

observed increasing the 𝑡ad. The maximum product purity occurs at the 𝑃/𝐹 ratio upper 497 

bound because 𝑃/𝐹 enhances the adsorbent regeneration. However, the recovery and 498 

productivity decreases, as 𝑃/𝐹 ratio increased, due to higher amount of H2 used in the 499 

purge step. An optimal value of 𝑡ad should allow enough time for H2 concentration front 500 

to leave the adsorption bed, and it should be short enough to avoid the impurities front 501 

to breakthrough.  502 

 503 

a) HP 
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 504 
Figure 10. Response surface for hydrogen purity 𝑯𝑷 and recovery 𝑯𝑹, as a function of 505 

the independent variables 𝒕𝐚𝐝 and 𝑷/𝑭 ratio at 7 bar (green); 8 bar (blue); and 9 bar (red). 506 

 507 

3.3.2. Process optimization 508 

The four-column PSA system was optimized for delivering three different hydrogen 509 

qualities: high purity for PEMFC road vehicle systems (Type I, Grade D), medium purity 510 

for PEMFC stationary appliance systems (Type I, Grade E)  and lower purity for industrial 511 

use to feed conventional ICE (Type I, Grade A), in compliance with ISO 14687 standards 512 

[9–11]. The optimization was performed maximizing the recovery for each H2 quality 513 

using the desirability function of JMP software application, as follows: 514 

 Opt #1, maximizes the recovery and sets the H2 purity to 99.97 %vol. 515 

 Opt #2, maximizes the recovery and sets the H2 purity to 99.9 %vol. 516 

 Opt #3, maximizes the recovery and sets the H2 purity to 98.0 %vol. 517 

Then, additional experiments were performed under the optimal conditions predicted by 518 

the model. The obtained experimental and model results can be found in Table 9. As it 519 

can be seen, the RSM predicted optimum performance parameters very close to the 520 

experimental values. For obtaining PEMFC mobility grade H2 at 99.97 % (Opt #1), a 521 

recovery of 55.5 % was obtained experimentally, while the model predicted 54.8 % for 522 

𝑃h= 9 bar; 𝑃/𝐹 = 0.1; 𝑡ad =84 s, corresponding to a productivity of 304 molH2 kgads
-1day-1 523 

and 282 ppm of Ar. Setting the H2 concentration to 99.9 %vol. (Opt #2), the forecasted 524 

optimum operating conditions were 𝑃h = 9 bar; 𝑃/𝐹  = 0.08; 𝑡ad  = 83 s. For these 525 

operating conditions the experimental recovery was 61.0 % while the forecasted is 60.3; 526 

the productivity was 335 molH2 kgads
-1 day-1 and 831 ppm of Ar. Setting H2 concentration 527 

b) HR 
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to 98 %vol. (Opt #3), for 𝑃h= 7 bar; 𝑃/𝐹 = 0.09; 𝑡ad = 90 s, an experimental and model 528 

recoveries of 75.3 % and 75.6 %, respectively, were obtained, corresponding to a 529 

productivity of 413 molH2 kgads
-1day-1 and 7514 ppm of inerts.  530 

Additionally, the experimental run Opt #2.1 was performed but with a feed stream free of 531 

Ar (H2:N2:CH4; 60:25:15 vol.%). This allowed to evaluate the contribution of Ar to the inert 532 

content at the product stream, since Ar and N2 were quantified as one. An experimental 533 

purity of +99.98 % was obtained, which indicates that the inert gases concentration at 534 

the product stream was mostly Ar. 535 

Table 9. Optimal DoE parameters and experimental and RSM predicted PSA results  536 

 DoE factors Experimental process responses RSM pred. 

run nº 
Ph 

(bar) 
tAD 
(s) 

P/F 
(-) 

𝑯𝑷 
(%vol.) 

𝒚𝐍𝟐+𝐀𝐫 ∗ 

(ppm) 

𝒚𝐂𝐇𝟒
  

(ppm) 

𝑯𝑹 
(%) 

Productivity 
(molH2/kg·day) 

𝑯𝑷 
(%vol.) 

𝑯𝑹 
(%) 

Opt #1 9 84 0.11 99.97 281 <100 55.50 304.4 99.97 54.8 

Opt #2 9 83 0.08 99.92 831 <100 61.02 334.8 99.90 60.3 

Opt #2.1 9 83 0.08 +99.98 <100 <100 61.02 334.8 - - 

Opt #3 7 90 0.09 99.25 7514 <100 75.30 413.1 99.11 75.6 

* The optimization Opt#2.1 indicates that the inert content (N2+Ar) observed for Opt #2 is mostly 537 
Ar. 538 

Even though the achieved recoveries are assumed to be very conservative due to the 539 

PSA system has only 4 absorbers fed at a relatively low pressure ≤ 9 bar, these 540 

recoveries should be higher at real conditions by taking advantage of the significant 541 

pressure swing growth, due to the pressure of APG wasted is already high (150 – 200 542 

bar). It is well know that the increased pressure equalization steps directly relates to 543 

improved recovery in a multi-bed PSA at a cost of reducing purity [57]. Furthermore, a 544 

greater number of adsorption beds primary helped to improve recovery, but also leads 545 

to an increase in the PSA capital costs, which are often critical for small-scale 546 

applications. 547 

3.4. Economic benefits 548 

The use of surplus hydrogen from industrial processes provides a cheaper H2 source 549 

that can be used as a transportation fuel for road vehicle applications. The cost of H2 550 

produced from waste streams of ammonia plants, using a small-PSA unit, was estimated 551 

and compared to the conventional SMR pathway as the most cost-effective option. The 552 

comparison also considers the compression of the purified hydrogen to 350 and 700-bar 553 

and its delivery to the nearest retail HRS. Furthermore, the levelized cost of H2 should 554 

include the annualized capital costs (CAPEX) of the PSA unit and compressors as well 555 

as the operating costs (OPEX), due to electric energy consumption along with distribution 556 
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costs in the off-site option. The detailed equations used to assess the process economics 557 

are outlined in Appendix C. 558 

Up to 10 % of the hydrogen consumed by relevant industries, including ammonia plants, 559 

is burnt away in flare stacks, or is directly emitted to the atmosphere [30]. In a small-to-560 

medium ammonia production plant of 500 ton of NH3 day-1, a stream of up to 12.5 kgH2 561 

h-1 (at 99.97 %vol. H2 and ca. 20 bar) can be produced on-site via PSA technology of the 562 

purge gases of the ammonia synthesis process [34,38]. This hydrogen quantity was 563 

estimated based on the recovery of 55.0 % achieved in the present work.  564 

The cost of producing fuel cell grade H2 in situ from purge gases of ammonia plants using 565 

small-PSA units is estimated to be 0.63 € kg H2
-1, which is similar to the cost of purifying 566 

H2 by SMR. However, when considering off-site conventional SMR plants, H2 production 567 

costs are currently estimated to be around 2 € kg H2
-1 and strongly depend on the price 568 

of natural gas. In this regard, the recovered hydrogen from APG can be sold directly at 569 

the factory site as a chemical commodity with competitive prices or as H2 fuel for FCEVs, 570 

whose market is steadily increasing. In such a scenario, compressed gas cylinders are 571 

a good alternative for low demands and short distance delivering [58,59]. The produced 572 

H2 should be compressed from ca. 20 bar to 350/700 bar, according to the different 573 

current pressure levels of the tank systems between buses/trucks (350 bar) and 574 

passenger cars (700 bar) [5]. Lastly, compressed hydrogen (CH2) can be transported by 575 

tube trailers to the nearest available HRS (<20 km) [60]. The techno-economic 576 

assessment is summarized in Table 10 and discussed below.  577 

Table 10. Cost sheet of hydrogen recovery via small-scale PSA 578 

 H2 at 20 bar H2 at 350 bar H2 at 700 bar 

CAPEX (€)    

PSA unit 321,000 321,000 321,000 

Compressor (s) - 179,600 241,600 

Sub-total 321,000 500,600 562,600 

OPEX (€/year)    

PSA unit 28,700 28,700 28,700 

Compressor (s) - 24,800 31,600 

CH2 delivery - 22,000 22,000 

Sub-total 28,700 75,500 82,300 

Levelized cost (€/kg H2) 0.63 1.17 1.39 

Based on the economic assumptions described above, the cost to purify ammonia waste 579 

H2 hydrogen stream using small-PSA units, compress and transport is ca. 1.17 and 1.39 580 

€ kg H2
-1, respectively, depending on the dispensing pressure of 350 or 700 bar. These 581 

values permit reducing H2 costs by at least 40 %; this saving value was calculated based 582 
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on off-site H2 production by SMR plus compression and transportation until the refueling 583 

station [61]. Although the economic assumptions may vary both with time and location, 584 

the resultant costs are reasonable values as they entail the essential stages of the waste-585 

to-hydrogen production route. As a distributed hydrogen production, these hydrogen 586 

sources can be crucial in the early stage of transition to the future global hydrogen-587 

incorporated economy, pushing hydrogen down to competitive prices. These estimations 588 

strongly depend on the available volume of the waste hydrogen streams. Nevertheless, 589 

this form of distributed hydrogen production assumes that a complete hydrogen 590 

distribution and storage infrastructure is available. Meanwhile, the produced hydrogen 591 

can be used at the industrial site for fueling hydrogen-powered forklifts and other 592 

machinery, thus eliminating the need for long battery recharging. 593 

4. CONCLUSIONS 594 

Industrial hydrogen-rich waste streams hold promise in their upgrading to feed fuel cell 595 

stacks. As in the ammonia synthesis process, a gaseous stream is purged to keep the 596 

inert gases concentration below a threshold value, this stream contains large hydrogen 597 

quantities, which can be recovered. A four-bed PSA unit packed with 5A zeolite was 598 

studied to purify hydrogen from a simulated effluent gas (H2:N2:CH4:Ar, 58:25:15:2 %) of 599 

ammonia synthesis process.  600 

The adsorption equilibrium isotherms of H2, N2, CH4, and Ar on four pre-selected 601 

adsorbents was obtained. According to the equilibrium separation factor it was concluded 602 

that activated carbon AC is the best adsorbent for removing Ar, whereas LiX and 5A 603 

zeolites remove more effectively N2 and CH4, respectively. Therefore, 5A zeolite was 604 

selected as the best adsorbent for purifying H2 from ammonia purge gas stream due to 605 

its well-balanced N2/H2 and CH4/H2 separation factors and acceptable Ar removal 606 

performance. 607 

To assess the performance of the selected adsorbent, 5A zeolite, single component and 608 

multicomponent breakthrough curves were experimentally carried out in a single packed 609 

column, and further simulated. The results, simulations and experimental, indicate that 610 

the first impurity to break thought the column is Ar, followed by N2 and finally by CH4. 611 

Consequently, the separation performance of the four-bed PSA unit packed with zeolite 612 

5A can be affected by the Ar adsorption for concentrations as low as 2 %.  613 

The PSA experiments were conducted in a 4-column PSA unit with 12-events cycle, 614 

comprising 9 elementary steps. The role of operating parameters in PSA performance 615 

such as P/F ratio, adsorption step time and adsorption pressure, was investigated. The 616 
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overall PSA performance was evaluated in terms of purity, recovery and productivity of 617 

H2 product. The experimental unit was optimized to maximize the responses based on 618 

RSM models for three specific final applications, in compliance with ISO 14687 619 

standards. The PSA unit of this study can produce H2 with 99.25 % - 99.97 % purity with 620 

75.3 % - 55.5 % of recovery, respectively, where Ar and N2 are the main impurities at the 621 

product stream. A significant loss of recovery and productivity happens when H2 purity 622 

was set at +99.9 %vol.  623 

The study showed the feasibility of the PSA process packed with 5A zeolite to produce 624 

a wide purity range of H2 product streams from a feed mixture containing as impurities 625 

N2, CH4 and Ar, as simulated ammonia purge gas. To guarantee optimum performance 626 

in real conditions, trace components of ammonia should also be evaluated in future to 627 

avoid detrimental effects not only by the presence of competitive cations that occupy the 628 

available ion-exchange sites on the zeolites, but also on the fuel cell performance due to 629 

ammonium ions (NH4
+) formation within membrane electrode assembly [15,62]. 630 

In addition to the technical performance, a simplified economic analysis has been carried 631 

out. Thus, the optimal conditions of the PSA unit can be changed to obtain from lower 632 

hydrogen purity for industrial use +98 % vol. by recycling it back to the feed of the 633 

ammonia plant, to higher purity for road vehicle systems +99.97 %, at exactly the time 634 

when hydrogen demand for mobility begin to be fully felt. 635 

The cost to purify an ammonia waste hydrogen stream to +99.97 % using a small-PSA 636 

unit, compress and transport has been estimated to be 1.17 to 1.39 € kg H2
-1, 637 

respectively, depending on the dispensing pressure of 350 or 700 bar; these values were 638 

estimated to be 40 % below the current commercial costs.  639 

ACKNOWLEDGMENTS 640 

This research was supported by the projects CTQ2015-66078-R (MINECO/FEDER) and 641 

SOE1/P1/E0293 (INTERREG SUDOE /FEDER, UE), “Energy Sustainability at the 642 

Sudoe Region: Red PEMFC-Sudoe”. Adélio Mendes and Frederico Relvas acknowledge 643 

to projects UID/EQU/00511/2019 funded by national funds through FCT/MCTES 644 

(PIDDAC); and “LEPABE-2-ECO-INNOVATION” – NORTE‐01‐0145‐FEDER‐000005, 645 

funded by Norte Portugal Regional Operational Programme (NORTE 2020), under 646 

PORTUGAL 2020 Partnership Agreement, through the European Regional Development 647 

Fund (ERDF). Frederico Relvas also acknowledges NORTE-08-5369-FSE-000028 648 

supported by NORTE 2020, under the Portugal 2020 Partnership Agreement and the 649 

European Social Fund (ESF). 650 



ACCEPTED MANUSCRIPT

28 
 

APPENDIX. SUPLEMENTARY DATA 651 

APPENDIX A: Equilibrium adsorption isotherms 652 

APPENDIX B: Simulation approach of breakthrough curves 653 

APPENDIX C: Economics 654 

NOMENCLATURE 655 

Parameters 656 

𝐿bed length of the column (cm) 657 

𝑃i, 𝑃j partial pressure in the gas phase (bar) 658 

𝑅2 determination coefficient (-) 659 

𝑋i dimensionless process factors 660 

𝑏∞ affinity constant at infinite temperature (bar-1) 661 

𝑑p particle diameter (mm) 662 

𝑘i  mass transfer coefficient (s-1) 663 

𝑚ads adsorbent mass loaded to the bed (kg) 664 

𝑞∗ molar concentration in the adsorbed phase (mol kg-1) 665 

𝑞max isotherm parameter, maximum adsorbed concentration (mol kg-1) 666 

𝑡cycle total operating time during an entire cycle (s) 667 

𝛼i j⁄  separation factor between gases i and j (-) 668 

ŷ  process response (-) 669 

𝐻𝑃 hydrogen purity (%) 670 

𝐻𝑅 hydrogen recovery (%) 671 

𝑃 pressure (bar) 672 

𝑃/𝐹 purge-to-feed ratio (-) 673 

𝑄 volumetric flow rate (LN min-1) 674 

𝑅 ideal gas constant (J mol-1 K-1) 675 

𝑅𝑀𝑆𝐸 root-mean-square-error (-) 676 

𝑅𝑆𝑆 residual sum of squares (%) 677 

𝑇 temperature (°C) 678 

𝑏 affinity constant (bar-1) 679 

𝑑 diameter (cm) 680 

𝑡 time variable (s) 681 

𝑦 gas-phase mole fraction (-) 682 
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Greek symbols 683 

𝜌p particle density (g cm-3) 684 

∆𝐻 heat of adsorption (J mol-1) 685 

𝛽 polynomial model coefficient (-) 686 

Abbreviations 687 

AD    adsorption 688 

AD/BF    providing backfill 689 

ANOVA  analysis of variance 690 

APG    ammonia purge gas 691 

BD    blowdown 692 

BF    backfill 693 

BPR    backpressure regulator 694 

CAPEX  capital costs 695 

CCD    central composite design 696 

CCS    carbon capture and storage 697 

CH2    compressed hydrogen 698 

DoE    design of experiments 699 

DPE    depressurization pressure equalization 700 

DSL    dual site Langmuir model 701 

EU    European Union 702 

FCEV    fuel cell electric vehicles 703 

FPPE    first pressurization pressure equalization 704 

GHG    greenhouse-gas 705 

HRS    hydrogen refueling station 706 

ICE    internal combustion engine 707 

ICE    internal combustion engine 708 

ISO    International Standard Organization 709 

LDF    linear driving force model 710 

MFC    flow controller 711 

MFM    flow meter 712 

ODE    ordinary differential equation 713 

OPEX    operating costs 714 

PDE    partial differential equation 715 

PEMFC  polymer electrolyte membrane fuel cells 716 

PG    purge 717 
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PSA    pressure swing adsorption 718 

RSM    response surface methodology 719 

SMR    steam methane reforming  720 

SPPE    second pressurization pressure equalization 721 

TCD    thermal conductivity detector 722 

TT    thermocouple 723 

UDS    upwind differencing scheme 724 

Subscripts 725 

+1    upper level of the DoE factor 726 

0    outside 727 

-1    lower level of the DoE factor 728 

1, 2    dual-site Langmuir sites 729 

ad    adsorption 730 

eq    equalization 731 

exp    experimental data 732 

F    feed stream 733 

h    high 734 

i, j    gas component 735 

in    inside 736 

k    experimental adsorption data point 737 

l    low 738 

mod    modeling data 739 

N    total number of experimental adsorption data points 740 

prod    product 741 
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