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A B S T R A C T   

The present study reports the results of a series of sorption and permeation tests of pure ammonia as well as 
nitrogen and hydrogen carried out on Aquivion C87-05 (short-side chain perfluoro sulfonic acid ionomer). Such 
material is indeed of interest for possible applications in sustainable processes for ammonia production, either as 
base material for polymer electrolyte membranes in low-temperature electrochemical ammonia synthesis or as a 
membrane for effective product separation. 

NH3, N2, and H2 permeation tests are performed at different temperatures (20, 35, and 50 ◦C) and both in dry 
and humid conditions (R.H. up to 80%), aiming to assess the influence of these parameters on the resulting 
permeabilities, while ammonia sorption is inspected at the same temperatures, and pressures up to near satu
ration conditions. 

Pure ammonia permeability reached outstanding values around 7000 Barrer in dry Aquivion membranes, 
revealing an increasing trend with upstream pressure, while it decreased with temperature. The same behavior is 
recorded for NH3 solubility, indicating that sorption drives the ammonia transport through the membrane. 

The obtained separation performances are found to be significantly better than those of other polymeric 
membranes proposed for the same separations, as compared to a permeability-selectivity plot.   

1. Introduction 

Ammonia is one of the most important compounds in the chemical 
industry and it is a key chemical component for various relevant ap
plications such as pharmaceutical and chemical processes, production of 
fertilizers, and refrigeration systems just to mention some [1–3]. 
Furthermore, over the last few years, NH3 is attracting new interest as an 
energy carrier, as it may be used in combustion engines or 
high-temperature electrochemical systems, due to its appealing thermal 
and physical properties [2,4–6]. Besides, NH3 is also a suitable candidate 
for hydrogen (H2) storage and transport, thanks to its high storage 
density and lower energy demand for liquefaction (NH3 may be readily 
liquefied at − 33 ◦C at 1 bar) [6]. In the strategy for the implementation 
of a hydrogen economy and the mitigation of global warming, therefore, 
NH3 represents an ideal carbon-free energy carrier, combining low 
emissions with efficient long-distance transportation [3,7]. 

However, the state-of-the-art ammonia synthesis process is still 

based on the Haber-Bosch method [8,9], which is not environmentally 
friendly. The endothermic reaction between N2 and H2 needs to be 
carried out at high temperatures and pressure, and it requires large 
amounts of heat, currently obtained from fossil fuels [10,11]. Moreover, 
NH3 emissions in the atmosphere can react with acid compounds to form 
haze secondary particles [12]. 

Therefore, the key challenge to develop an ammonia-based energy 
system is to set up a competitive process able to synthesize and purify 
NH3, in a reliable and scalable way, while reducing its environmental 
footprint [13]. The combination of green ammonia production, efficient 
ammonia purification, and reutilization with clean renewable power is 
indeed needed to build a green ammonia energy economy [14]. 

Among the others, electrochemical synthesis to produce ammonia at 
low temperature and pressure, using renewable energy [3], has gained a 
lot of interest, especially when coupled to an efficient separation pro
cess. In this concern, the membrane-related process might be a really 
promising technology in such applications for the lower cost combined 
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to high purity and the possibility of a continuous process [15,16]. 
Pressure-driven gas separation processes by membranes are in this 

concern natural candidates for such application, as ammonia high con
densability usually provides higher permeability with respect to lighter 
components, such as N2 and H2 [17]. Moreover, ammonia separation 
through highly selective membranes is a sustainable process due to the 
simplicity of the process and the low energy consumption [11,18,19]. 

The separation performances of polymeric membranes are deter
mined by two main parameters: permeability, which describes how fast 
molecules are transported through the material, and selectivity, indi
cating the ability of the membrane to separate one component from the 
rest [20–22]. Such quantities, however, are limited by a typical 
trade-off, defined by Robeson in the late 20th century [23,24], whose 
upper bound represents still today a suitable tool for the evaluation of 
the potentiality of membrane materials for a given separation. In this 
context, many materials have been proposed for such separation, 
demonstrating a fast and highly selective permeation [10,18,25]. Inor
ganic (MXene [19], silica [11], zeolite [26]) and polymeric (Nafion, 
Aquivion [18], Cellulose [27], Polystyrene (PS) [28,29], zeolitic imi
dazolate frameworks (ZIF) [17], Prussian Blue [30]) membranes have 
been studied for ammonia separation, revealing that both large values of 
ammonia permeability and selectivity (with respect to N2 and H2), can 
be achieved in different operating conditions. 

He and Cussler [18], as well as other authors [25,31,32], have re
ported the use of Nafion and other PFSA materials for NH3 separation, 
both as a flat and hollow fiber membrane. The results obtained show a 
pronounced affinity between ammonia and the sulfonic group, thus 
leading to remarkably large NH3/H2 and NH3/N2 selectivities. 
Following such concept, the present work focuses on another sulfonic 
acid ionomer, the Aquivion C87-05, similar to Nafion but with a shorter 
pendant side chain, which is also characterized by high thermal and 
chemical stability [33–35]. 

Although, some studies dedicated to the investigation of these PFSA 
materials’ properties are already available in the literature for what 
concerns ammonia permeation and transport, a complete and compre
hensive characterization is lacking to date, especially about the effect of 
temperature, pressure, and humidity on membrane performances. 
Therefore, Aquivion membranes have been studied via transient sorp
tion and steady-state permeation experiments to understand the gas 
transport in dry and humid polymeric matrices. The attention is devoted 
to pure component transport aiming to describe ammonia diffusion and 
permeation through the polymeric matrix [34], and at a deeper under
standing of the potential of Aquivion for green ammonia synthesis and 
purification. 

2. Materials 

The material characterized in this work is Aquivion® C87-05 
(Equivalent weight EW = 870 gpol/molSO3H), a perfluorosulfonic acid 
ionomer membrane, produced by a solvent-casting process and kindly 
provided by Solvay Specialty Polymers Italy S.p.A. (Bollate, Milano, 
Italy). Aquivion C87-05 is characterized by a thickness of 50 μm and a 
density of 1.93 g/cm3, while its chemical structure is displayed below in 
Fig. 1. Its characteristic short-side chain has been obtained by the 
copolymerization of Tetrafluoroethylene (TFE) and Sulfonyl Floride 
Vinyl Ether (SFVE), conferring to the material good thermal stability and 
high mechanical properties. 

Due to its high hydrophilicity, which may affect materials properties, 
Aquivion samples have been treated overnight under vacuum at 50 ◦C 
before each test, to ensure appropriate and repeatable membrane 
drying. 

Sorption and permeation tests are performed by using pure NH3 
(purity of 99.99%), provided by SIAD, while H2 and N2 (99.99% purity) 
are obtained from Fluido Tecnica s.a.s (Campi Bisenzio, Firenze, Italy). 

3. Methods 

The most important property of membranes is their ability to control 
the permeation rate of different species. Usually, the transport of low 
molecular weight gases through a dense polymeric membrane is gov
erned by the solution-diffusion mechanism [36]. As revised by Wijmans 
and Baker [37], in a membrane separation process, the permeants are 
separated given their different solubility and rate of diffusion in the 
polymeric material. According to this approach, the fluid, in contact 
with the polymeric layer, is absorbed in the upstream side, diffuses 
across the matrix, and it is then desorbed in the low-pressure compart
ment. Diffusion usually controls the process according to Fick’s law (Eq. 
(1)), 

Ji = − Di
dci

dx
(1)  

where Ji is the steady-state flux of the species i, Di is the diffusion co
efficient and dci

dx is the concentration gradient, which acts as the driving 
force of the process [38]. It is then assumed that the fluid on either side 
of the gas/polymer interface is at equilibrium and so the chemical po
tential is continuous at the interface. The penetrant concentration (ci) in 
the matrix is correlated to the partial pressure (pi) in the gas phase 
through a solubility coefficient, Si:  

ci = Si pi                                                                                        (2) 

The flux can be rewritten in terms of permeability coefficient Pi as 
follows: 

Ji =Pi
Δpi

l
(3)  

where l is the thickness of the membrane, Δpi is the partial pressure 
gradient of component i. Therefore, combining Eqs. (1)–(3), the 
permeability Pi may be described as Pi = SiDi [37,39]. 

Gas permeability describes how penetrant molecules dissolve into 
the membrane and migrate across the matrix. High permeability, then, 
can result from high solubility, high diffusivity, or a favorable combi
nation of the two, depending on the polymer nature, structure, and 
chemical behavior, as well as on the properties of the penetrants. In 
addition to that, it is noteworthy to mention that, permeability also 
influences separation efficiency, because the selectivity of the mem
brane (αi,j) in ideal conditions is equal to the ratio between the most (Pi) 
and the less (Pj) permeable fluids in the material, as shown in Eq. (4): 

αi,j =
Pi

Pj
=

Si

Sj
•

Di

Dj
(4) 

In general, permeability, diffusivity, and selectivity allow to 
completely characterize the mass transport properties of a given gas- 
polymer pairs and can be determined experimentally by means of 
direct permeation and transient-sorption measurements. 

Fig. 1. Short-side chain chemical structure of Aquivion® C87-05.  
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In this work, the system used for the experimental characterization of 
Aquivion membranes is reported in Fig. 2. The custom-made apparatus, 
which is immersed in a thermostatic bath to ensure temperature control, 
can carry out both permeation and sorption tests. In this apparatus, the 
pressure variation is registered by a Honeywell pressure transducer 
PT03 (0–500 psia), while the temperature is maintained constant thanks 
to a Julabo – Corio C thermostat. 

3.1. Pure sorption experiments 

The solubility and diffusion coefficients of NH3 in Aquivion mem
brane have been measured by transient-sorption experiments in the 
above-mentioned apparatus with a pressure decay configuration ob
tained by closing valve V12, shown in Fig. 2. Such configuration allows 
the determination of the amount of gas sorbed into a certain volume of 
materials by measuring the pressure change in a closed calibrated vol
ume. Briefly, a known quantity of polymers is inserted into a sample 
chamber (volume VC connected through valve V5), while the penetrant 
gas is loaded in the pre-chamber (volume VP connected to valve V6) at 
the desired pressure. The NH3 mass uptake in the polymer is determined 
by measuring the pressure decrease over time once the pre-chamber and 
the chamber are connected, until reaching the equilibrium pressure. The 
measured pressure drop can be indeed related to the moles absorbed 
through Peng-Robinson (PR) equation of state, since both values of 
temperature and volume of the systems are known. Subsequently, 
sorption tests are performed by increasing the loading pressure in a 
stepwise manner, to obtain the sorption isotherm in the pressure range 
of interest. The complete procedure of the pressure decay technique is 
better explained in a previous publication [40]. 

The technique allows also to evaluate the diffusion coefficient D in 
the dense polymeric layer by considering the pressure evolution with 
time, using the suitable solution of Fick’s law provided by Crank [41]: 

nt − n0

n∞ − n0
= 1 −

∑∞

i=1

2α(1 + α)
1 + α + α2q2

i
exp

(

−
4Dq2

i t
l2

)

(5)  

Where nt is the number of molecules of NH3 dissolved in the polymer 
sample at time t, while n∞ and n0 are the number of moles present at the 
infinite time and at time equal to zero, respectively. Moreover, l is the 
thickness of the sheet, qn is the non-zero positive roots of the equation 
tan (qn) = − αqn with α = 2KVtot/l, being K the penetrant partition co
efficient between the gas and the polymeric phase. 

3.2. Pure permeation experiments 

Permeation experiments are carried out in the same experimental 
system described above, using a constant volume and variable pressure 
permeation method. In this concern, the Aquivion membrane is located 

into the sample holder, which presents an effective membrane area of 
9.62 cm2, in direct contact with an agitated reservoir, while valve V12 is 
open allowing the permeant flow from the cell to the calibrated down
stream volume (Fig. 2). 

In the pure dry gas tests, the measurements start when the NH3 is fed 
into the upstream tank, while the downstream volumes are kept under 
vacuum, thus creating the pressure gradient that represents the driving 
force of the process. The gas flux across the membrane, and thus the 
permeability, is calculated through the registration of the pressure in
crease over time in the calibrated downstream volume. In case of humid 
tests, a preliminary equilibration step is required to saturate the mem
brane at the desired water activity before the permeating gas (at the 
same R.H.) is fed [42]. 

In both dry and humid conditions, permeability of the penetrant i, Pi 
at steady state is calculated, through Eq. (6), where ideal gas assumption 
is considered since the compressibility factor, that accounts for the de
viation from the ideality, is almost 1 in the downstream pressure range 
inspected for this work: 

Pi =
dp
dt

⃒
⃒
⃒
⃒

s.s.

Vd

RTA
l

(pup
i − pdown

i )
(6)  

where dp
dt

⃒
⃒
⃒
s.s.

is the steady state pressure change in time of downstream 

compartment, Vd is the downstream volume, A the membrane surface 
area, T the fixed temperature of the system, R is the universal gas con
stant, (pi

up-pi
down) is the partial pressure difference of component i across 

the membrane and l the membrane thickness, which is considered 
constant during the calculation, thus neglecting the swelling of the 
membrane upon ammonia sorption. 

From the permeation experiments, one can determine not only the 
gas permeability, but also the diffusion coefficient, using to the so-called 
time-lag method, which measures the time difference observed between 
the beginning of the test when the penetrant enters the membrane and 
the time at which the flow rate of diffusing species into the closed vol
ume reaches a steady state [43,44]. The time lag θ is determined as the 
time-axis intercept of the linear portion of the downstream pressure 
curve, as this quantity can be related to diffusion coefficient through Eq. 
(7) [43,45]: 

θ=
l2

6D
(7)  

3.3. FT-IR 

The FTIR analysis has been used in this study to inspect the presence 
of any residual NH3 in the polymeric matrix after sorption/permeation 
measurements and to evaluate any possible alteration of the polymer 
membrane upon exposure to ammonia. FTIR-ATR (Fourier transform 
infrared-attenuated total reflectance) spectroscopy, indeed, is capable of 
labeling molecules and functional groups based on their interaction 
bonds with the polymer atoms and following their evolution with time 
and penetrant activity [46,47]. The measurements are conducted with a 
Nicolet Avatar 6700 FTIR, equipped with a liquid nitrogen-cooled 
mercury− cadmium− telluride detector and a single bounce zinc sele
nide ATR crystal (Pike Miracle Technology) with an incident angle of 
45◦. The data are collected by subtracting the air background and 
averaging 128 scans per spectrum with a resolution of 4 cm− 1. 

At each infrared scan, the radiation wave rises from the surface, and 
it is then reflected onto the crystal and absorbed by the polymer inter
face, eventually leaving the opposite face of the ATR element for the 
detection of the spectrum [48,49]. 

Fig. 2. Pure and mixed permeation and pressure decay apparatus scheme. The 
dotted line represents the surface of thermostatic bath control. 
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4. Results and discussion 

4.1. FTIR 

The effect of ammonia exposure on the Aquivion film has been 
evaluated by FT-IR, inspecting if any permanent change has been 
induced by the material. Fig. 3 reports the FT-IR spectra obtained for 
pristine Aquivion C87-05 (black line), and after the exposure at 35 ◦C to 
NH3 up to 7 bar, and water vapor only (green and red lines respectively), 
together with the Aquivion spectrum after 30 days from NH3 treatment. 
As one can see, both H2O and NH3 produce a significant effect to the 
chemical footprint of the polymer, and new characteristic peaks appear 
in the spectrum range investigated. 

In detail, the main absorption bands that characterize Aquivion are 
located in the wavenumber interval between 900 and 1300 cm− 1. In 
particular, the two highest peaks, around 1155 and 1220 cm− 1, are 
usually ascribed to symmetric and asymmetric –CF bonds, respectively, 
while COC bond is detected at 970 cm− 1. The sulfonated acid stretching 
arises at 910 cm− 1 for the undissociated S–OH bond, while the bands 
related to the S––O group do not appear at 1410 cm− 1 as expected, 
probably because such moiety is already dissociated due to ambient air 
humidity [51–54]. Moreover, the peak related to the symmetric –SO3

- 

dissociated ion is located approximately at 1057 cm− 1 [52,53], while 
around 1300 cm− 1 all the spectra show a shoulder-like behavior asso
ciated to the asymmetric peak of –SO3

- ; such peak becomes more pro
nounced upon exposure to ammonia, revealing the proton transfer 
reaction that occurs due to the possible formation of clusters [51–54]. 
The presence of ammonia characteristic groups is indicated by the NH 
stretching in asymmetrical bending mode in the region between 1500 
and 1700 cm− 1, while symmetrical bending is around 850 and 980 cm− 1 

[46,55]. 
The characteristic peaks associated to the presence of water mole

cules are clearly visible in the spectrum of Aquivion specimen after 
exposure to water at 80% R.H. (red line): at 1500-1700 cm− 1 for H–O–H 
bending and in the wavenumber range between 2500 and 3800, related 
to the vibration of –OH groups, which exhibit a maximum around 2800 
cm− 1 [50,56]. The behavior of this large band is not univocally identi
fied due to the overtone of bending modes, but the most feasible 

explanation is related to the swelling of the membrane upon hydration 
[53]. Although much less obvious, those peaks can be detected also in 
the NH3-treated spectrum, thus confirming the swelling hypothesis. 

Interestingly, as reported in previous works available in the technical 
literature [55,56], the IR characteristic band located in the range from 
1300 to 1500 cm− 1 is associated to the ammonium ion or amide group, 
suggesting the formation of some chemical bonds between NH3 and 
Aquivion surface sites, even if the material structure does not change 
irreversibly [31]. The spectrum recorded right after ammonia tests 
(green line) displays different vibrational stretching mode between 2750 
and 3300 cm− 1. It has been reported [57–61] that ammonia small 
clusters exhibit a FTIR response characterized by four vibrational 
modes, two of which are clearly visible in Fig. 3 for Aquivion-NH3 
complex: the degenerated overtone NH bending mode 2ν4 appears be
tween 3200 and 3250 cm− 1, while ν2 represent the umbrella mode bands 
that arise around 978/983 cm− 1. 

Finally, the analysis of Aquivion spectra after its exposure to 
ammonia gas reveals that ammonium ions remain bonded to the poly
mer chains after absorption. It is interesting to notice, however, that the 
chemical bonding between ammonia and a sulfonic group in the mem
brane seems reversible: indeed, the FTIR spectrum of the “NH3-treated” 
Aquivion sample (cyan line in Fig. 3) returns almost equal to those of the 
pristine material after about 30 days in atmospheric conditions, mean
ing the ammonia release is basically complete even though very slow if 
compared to the sorption process, as will be better shown in the 
following. 

4.2. NH3 transient sorption experiments 

The measured ammonia solubility in Aquivion at 20, 35 and 50 ◦C is 
illustrated in Fig. 4 in terms of λ, that is the number of moles of NH3 
absorbed per mole of –SO3H in the membranes, plotted with respect to 
penetrant activity (the ratio between experimental pressure P and 
ammonia vapor pressure P* [62]). Since, to the best of our knowledge, 
no similar data are present in the literature for this type of material, the 
results have been compared with those of water vapor in Per
FluoroSulfonated Ionomer (PFSI) membranes (equivalent molecular 
weight of 860 gpol/molSO3H) [63]. Interestingly, the measured ammonia 
uptake is significantly larger than that of water at all temperatures, thus 
confirming the material strong affinity to the vapors of alkaline sub
stances [45–47]. As one can see, the NH3 solubility isotherms show a 
sharp and concave increase with activity followed by a more linear 
behavior, which seems to terminate with a concavity change for activ
ities larger than 50%. Such change in concavity, however, is apparent at 
20 ◦C, but only barely visible at higher temperatures. The same behavior 
has been observed also for water solubility in PFSI, even if much weaker. 
That has to be ascribed to the strong interaction of the polar penetrants 
(either H2O or NH3) with the SO3H group that leads at low activity to a 
sort of adsorption-like behavior, while at high activity it causes swelling 
of the matrix and leads to the formation of a phase segregated structure, 
where sulfonated (hydrophilic) domains are interpenetrated with fluo
rinated hydrophobic sections [35,64–66]. 

Sorption kinetics are in good agreement with Fickian diffusion 
behavior, even in the case it is accompanied by an instantaneous reac
tion, as reported by Crank [41], that is when the absorption process can 
be considered linear. Therefore, the diffusion coefficient of NH3, dis
played in Fig. 4b as a function of average penetrant content in each 
sorption step has been evaluated from the transient mass uptake curve 
by using Eq. (5). The experimental sorption tests, indeed, always showed 
good agreement with Eq. (5) prediction in line with what observed for 
example for water in the same materials [67–69]. 

As often observed, the diffusion coefficient increases with the 
penetrant concentration and temperature. The diffusivity values lay 
between 10− 8 and 10− 7 cm2/s, in line with the results obtained by 
Timashev et al. for ammonia diffusion in perfluorinated hollow fibers 
[31]. 

Fig. 3. FTIR-ATR absorption spectra of pristine Aquivion C87-05 (black), after its 
exposure to H2O vapor(red) and NH3 gas (green). The cyan line represents the 
spectra of Aquivion treated in NH3 after 30 days in atmospheric conditions (shifted 
for clarity shake) [50]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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If compared with water diffusion in similar perfluorosulfonated 
materials, it can be noticed that the values of NH3 diffusion coefficients 
are comparable to those of H2O in the same range of temperatures [63, 
70]. However, while a clearly defined trend for H2O diffusivity with 
concentration (or activity) cannot be detected, the one from NH3 seems, 
instead, to be well-established and follows a purely Fickian behavior in 
the whole concentration range, which results in a more or less constant 
and monotonous diffusivity trend with concentration. 

On the other hand, the data of water diffusivity in PFSA membranes 
reported in literature are very scattered, and they show diverse trends 
according to the technique used for their determination, as stated by 
Hallinan et al. [70] and Kusoglu et al. [64], suggesting the existence of 
distinct water-transport mechanisms occurring at different time- and 
length scales. Few studies reported a rapid increase of water diffusivity 
at lower penetrant concentration, until reaching a maximum value, 
followed by a slow decrease at increasing activity [63,71,72]. 
Conversely, Zelsmann et al. [69] described a linear trend of water 
diffusion coefficient with concentration, more similar to the one 
observed in this work, in which a weak behavior of NH3 kinetic mobility 
in Aquivion with the penetrant uptake or its activity, is observed 
[57–62]. As already discussed by Laporta et al. [52], the characteristic 
trend of water diffusivity has to be ascribed to the peculiar sorption 
behavior related to the hydration of the SO3H groups, which dissociate 
in SO3

− and H3O+. In a similar fashion, the molecular transport of 
ammonia in the Aquivion material might be dictated by the affinity 
between the basic penetrant and the acid functional groups of the 
polymer which split in SO3

− and H+, favoring the interaction with the 
NH3 clusters and promoting their diffusion [31,73–75]. In this concern, 
it should be noticed that for a system where strong interaction exists 
between the polymer and the penetrant, Fick’s law still holds providing 
that the interaction reaches the equilibrium instantaneously with 
respect to the diffusion process [41]. 

Given this consideration, also the solubility data can be explained, by 
allowing for the interaction between the penetrant gas and the polymer 
matrix, thus using a model similar to the one proposed by Futerko and 
Hsing to describe water sorption in Nafion [75]. In particular, their 
approach, based on a revisited Flory Huggins (FH) equation that ac
counts for the proton transfer between the SO3H and water, can be 
adapted to NH3, by considering the following set of (n) equilibrium 
reactions:  

-SO3H + NH3 ⇄ [-SO3
- + H+(NH3)]                                                         

[-SO3
- + H+(NH3)] + NH3 ⇄ [-SO3

- + H+(NH3)2]                                       

… [-SO3
- + H+(NH3)i-1] + NH3 ⇄ [-SO3

- + H+(NH3)i]                                

… [-SO3
- + H+(NH3)n-1] + NH3 ⇄ [-SO3

- + H+(NH3)n]                        (8) 

which can be applied to represent ammonia solubility and proton 
conductivity in PFSAs, as already discussed in the literature [64,76,77]. 

The results obtained from the FTIR characterization (Fig. 3) provide the 
experimental rationale for the model, demonstrating the reaction be
tween –SO3H group and NH3 from new bands that appeared in the 
Aquivion spectra after being exposed to the alkaline gas. 

According to the FH model, the ammonia activity a is correlated to 
the volumetric fraction of the polymer in the mixture, φ, by equation (9): 

a=(1 − φ)e

[(

1− 1
r

)

φ+χφ2

]

(9)  

Where χ is the FH polymer-solvent interaction parameter. The param
eter r is defined as the molar volume ratio of the polymer with respect to 
that of penetrant r = (EW /ρAq) /(MWNH3 /ρNH3

), being EW the Aquivion 
equivalent weight, ρAq its density, while MWNH3 is the ammonia mo
lecular weight and ρNH3 

the penetrant density in the condensed state. 
Assuming that ammonia and the sulfonic groups of Aquivion creates an 
ionic/hydrogen bonds when in contact, it is reasonable to take this 
proton complex-reaction into account and to rewrite the volume fraction 
by considering λc,i as the fraction of –SO3H groups converted to [-SO3 H 
(NH3)i] complex for each activity step. When the reaction occurs 
through n consecutive additions as shown in Eq. (8), therefore, φ can be 
written as in the following Eq. (10), which includes the possibility to 
have multiple ammonia molecules bounded to the same SO3H group that 
fills up as the system becomes saturated: 

φ=
r +

∑n
1λc,i

r +
∑n

1λc,i + λfree
=

r +
∑n

1λc,i

r + λ
(10)  

Where λfree represents the number of free (non-solvated) NH3 molecules 
in the polymer, which, summed to the bonded ones, leads to the total 
absorbed ammonia, that is λ. 

In order to determine the extent of formation of the proton-transfer 
complex within the membrane (according to the reaction reported in 
Eq. (8)) the fraction of-SO3H groups interacting with i ammonia mole
cules, λc,i, can be related to the equilibrium constant Ki for each 
consecutive absorbates association through Eq. (11) [78], which holds 
true for every i, with the assumption that λc,0 referring to the initial 
amount of free SO3H group in the membrane must be equal to 1: 

Ki =
λc,i

(
λc,i− 1 − λc,i

)
a

(11) 

The simultaneous resolution of Eqs. 9–11 allows the determination of 
total water uptake, λ, once the values of χ and Ki (considering a constant 
energy binary interaction parameter χ with concentration), are deter
mined. Of course, to run the analysis also the maximum number of 
ammonia molecules per cluster (n in Eq (8)) must be defined. 

In this concern, it should be noticed that, when a single reaction is 
considered, the modified FH equation reported above tends to under
estimate the sorption curves; therefore, the modeling approach suggests 

Fig. 4. (a) Comparison between NH3 and H2O vapor uptake versus activity [62], coupled with Flory-Huggins modeling (curves), (b) NH3 Diffusion coefficient at 20, 35 
and 50◦C. 
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that different ammonia molecules can interact with –SO3H groups to 
form rather stable clusters, in line with previous findings [53,61,79,80]. 
Such hypothesis is further supported by the FTIR spectra (Fig. 3) in 
which NH vibrational stretching mode is observed between 3200 and 
2800 cm− 1 [57,59]. Therefore, it is supposed that stable ammonia 
clusters create a “shell-like structure” around sulfonic groups with an 
NH4

+ ion in the center, bound to SO3
− , surrounded by neutral, but 

strongly polarized, NH3 molecules that interact with dissociated sulfonic 
groups or with ammonium ions through hydrogen bonds [60,81–83]. 

From a mathematical point of view, this approach allowed to 
represent the NH3 solubility in the whole range of penetrant activity and 
at the three temperatures investigated, by considering the presence of 
tetrameric NH3 clusters [80,84], and thus leading to a model with 5 
parameters (χ and Ki with i = 1.4) for each temperature. In this concern 
it should be noted that the experimental solubility isotherms could also 
be described well considering the interaction between three ammonia 
molecules for each –SO3H group; however, a tetrameric ammonia 
cluster is considered in this work, since the formation of the 
proton-transfer complex with –SO3H group in four consecutive reactions 
leads to a certain ion stability. It is indeed well known that tetramers are 
among the most stable NH3 clusters that could be found in solutions, 
because their cyclic structure helps the formation of stable H bonds [61, 
82,85]. Furthermore, the use of additional parameters allowed to 
describe the experimental data with meaningful temperature-dependent 
quantities (Ki and χ) that resulted to follow an exponential trend with 
the inverse temperature (Table 1). The obtained values of χ, controlling 
the solubility behavior in the final part of the curve at high activity, 
range from 0.68 to 1.07 and are lower than those found for water [75]; 
they suggest slightly unfavorable interactions between the polymer and 
the sorbent likely related to the resistance to swelling of the hydrophobic 
crystalline domains of the polymer. The Ki parameters describe the 
downward concavity of the uptake curves; the obtained values are quite 
large (up to 60), confirming the strength of the interaction accounted, 
and generally show a decreasing behavior with the distance to the sul
fonic groups (1 is the nearest, 4 the more distant), in agreement with the 
expectation that weaker interaction should be found for the outer shells 
of the cluster [86]. 

The ammonia solubility in Aquivion exhibits a weak temperature 
dependence (Fig. 4a) due to the small positive mixing enthalpy of the 
penetrant-matrix couple ΔHmix, as determined by Van’t Hoff equation, 
in line with what has already been reported in previous works [63,73, 
75]. The activation energy of sorption ΔHS could also be determined 
considering the contribution of the partial molar enthalpy of mixing 
ΔHmix, accounting for polymer/penetrant interaction, and the heat of 
condensation ΔHc: 

ΔHmix =ΔHS − ΔHC =R

⎛

⎜
⎜
⎝

∂ln a

∂
(

1
T

)

⎞

⎟
⎟
⎠

λ

(12)  

where λ is the NH3 uptake, a is the activity, R is the ideal gas constant 
and T is the temperature. The obtained values of the enthalpy of mixing 
span from 10.1 to 2.2 kJ/mol (in the range λ = 0 ÷ 4.5 molNH3/ 
molSO3H). 

As far as diffusivity is concerned, its thermal behavior shows an 
increasing D trend with T, with an activation energy ED for NH3 in 
Aquivion that can be calculated by the Arrhenius law (Eq. (13)), ranging 
from 18.6 to 23.8 kJ/mol (λ = 0 ÷ 4.5 molNH3/molSO3H): 

ED = − R

⎛

⎜
⎜
⎝

∂D

∂
(

1
T

)

⎞

⎟
⎟
⎠

λ

(13)  

4.3. Permeability results 

The results of permeation experiments of ammonia in Aquivion are 
reported in Fig. 5 as a function of upstream ammonia activity at the 
three temperatures investigated (20, 35, and 50 ◦C). Moreover, in the 
same figure, the permeability calculated from D and S is also reported, as 
obtained from transient sorption experiments by considering the 
solution-diffusion transport mechanism (P = S⋅D). 

As one can see, NH3 permeability in Aquivion exceeds 17000 Barrer 
at 20 ◦C, and it decreases with temperature (8000 Barrer at 50 ◦C) 
following a concave behavior with upstream activity. 

The comparison of the permeability from direct permeation and S⋅D 
from transient-sorption demonstrates that the ammonia permeation 
does not follow solution-diffusion transport: the values of P are at least 
one order of magnitude larger than S⋅D. It is also interesting to notice 
that the permeability trends observed show the opposite concavity with 
respect to the NH3 activity within the two methods. Such behavior can 
be explained by considering that Aquivion is a non-homogenous mate
rial, in which diffusion results to be significantly faster in the ionic do
mains rather than in the fluorinated phase. The same feature, indeed, 
was proven to happen for water [64,68,73,87,88], where the diffusivity 
determined from steady-state and transient sorption experiments do not 
match in the case of complex materials, such as Nafion or other per
fluorosulfonated membranes 

Furthermore, the endothermic temperature behavior of permeability 
(with EP values ranging from − 9 to − 5 kJ/mol) shows an opposite trend 
with respect to S⋅D, as readily obtained from EP = ED + ΔHS, that pro
vides a positive activation energy around 5 kJ/mol. Such results proves 
that the transport of ammonia in Aquivion cannot be described as a 
simple solution-diffusion mechanism, because a complex interaction 
occurs between the alkaline ion and sulfonic groups. 

To better understand the situation, a direct determination of diffu
sion coefficient has been carried out also during the permeation tests, by 
the time-lag method; the results obtained are displayed in Fig. 6. Please 
note that the measured NH3 time lag is quite short, in the order of 40 s 
and may be affected, more than the sorption tests, by the presence of 

Table 1 
Flory-Huggins parameters.   

χ K1 K2 K3 K4 

20 ◦C 1.07 20 20 20 20 
35 ◦C 0.75 30 25 10 10 
50 ◦C 0.68 60 30 5 5  

Fig. 5. Comparison between pure NH3 permeability in Aquivion at three 
temperatures: 20, 35, and 50 ◦C, obtained from direct permeation experiments, 
and NH3 permeability obtained from transient-sorption experiment (P = DS) as 
a function of upstream ammonia activity. 
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solvated ammonia molecules which indeed delay the transition of 
ammonia in the polymer especially at low activity thus increasing the 
uncertainty of the obtained values. Despite this situation, the 
permeation-based diffusivities have an order of magnitude comparable 
to those obtained from transient sorption, even if they show a substan
tially different trend. The diffusion coefficients calculated through the 
time-lag method seem to decrease with temperature and show a sharp 
increase for activity values lower than 0.2, followed by a constant value 
at higher activities. Such behavior as said above is likely related to the 
formation of solvated ammonia ion domains that, at low activity slow 
down the initial ammonia transport while, at higher activity, become 
interconnected, thus providing a preferential pathway for penetrant 
transport, and leading to an appreciable increase of the apparent 
diffusivity. In this concern, it is worthwhile to mention that also sorption 
and permeation isotherms show a change of concavity approximately in 
the same activity range, which may suggest that the evolution of the 
transport process inside the materials is also related to the substantial 
completion of the ammonia cluster formation (or at least of its inner 
shells) around the sulfonic groups. 

Fig. 6, together with Fig. 5, indicates that the main contribution to 
ammonia transport is given by solubility, being the diffusion coefficient 
from transient sorption and direct permeation comparable, while the 
two corresponding P behaviors differ more than 2 orders of magnitude. 
That can also be observed from the temperature trend of permeability, 
which decreases at increasing temperature, similar to the solubility co
efficient, and opposite to diffusivity. 

The mechanism of ammonia permeation in Aquivion membranes, 
mediated by nano-molecular domains in the ionomer matrix, by means 
of reversible ammonia-polymer bonding, is also proposed by He and 
Cussler [18], who characterized ammonia transport in doped Nafion 
membranes. Furthermore, as other authors [11,25,30] stated, the high 
NH3 permeability is due to the formation of ion complex [-SO3

- + NH4
+] 

within the matrix which aggregates, causing a phase separation into 
hydrophobic and hydrophilic domains, which leads to faster transport 
rate respect to N2 and H2. 

Considering the experimental evidence, it should be noticed that the 
Aquivion microstructure modification upon dissolution of ammonia and 
the interconnectivity of such domains with faster penetrant transport 
plays a different role during the two types of experiments. In direct 
permeation tests, indeed, penetrant transport in fast channels, mainly 
composed of the SO3

− groups surrounded by ammonia molecules, is 
predominant; at increasing upstream activity, such regions become 

highly interconnected, near the percolation limit, thus boosting the NH3 
transport across the membrane. 

In transient-sorption tests, on the other hand, due to the intrinsic 
nature of the experiment (different boundary conditions), the diffusion 
process targets the dynamics of absorption/dissolution of the gas into 
polar domains, and the subsequent cluster formation, rather than the 
flow within them [64,89]. Sorption tests monitor the uptake of 
ammonia, and they are therefore related to the growth of the dimension 
and the number of the channels of the percolated structure which do not 
necessarily follow the same kinetic of the permeation across the 
membrane. 

To conclude the analysis humid gas permeation experiments are also 
conducted, as the presence of water is known to drastically affect the 
properties of these materials [90–92], and the electrolytic ammonia 
production leads to gas mixtures containing water [3]. 

The change in NH3 permeability humid conditions (permeability/ 
permeability in dry PFSI) has been plotted as a function of relative hu
midity in Fig. 7, together with that of other gases already tested in the 
same materials and the same conditions, in order to compare the effect 
of moisture on the transport performances of Aquivion of acid, basic or 
light gases [42,90,93]. 

Even though ammonia permeability is significantly larger than those 
of CO2, N2, H2, CH4, and H2S, it is also the one that is influenced the least 
by the presence of water: NH3 permeability at RH = 80% is 26400 
Barrer, only 4 times higher than in that dry condition (5700 Barrer). 
Conversely, the permeability of the other gases experiences more sig
nificant increases: as an example, in the case of acidic gases (e.g., CO2 
and H2S), permeability increases more than two orders of magnitude, 
passing from 2.22 to 2 Barrer at RH = 0 to 242 and 370 Barrer at RH =
85%, respectively. Similar behavior is also observed for light gases such 
as N2, H2, or CH4, which generally show lower increases due to their 
lower solubility in water. Therefore, the recorded gas permeability in
crease is mainly related to the formation of water-swollen hydrophilic 
domains that allow for faster gas transport at increasing relative 
humidity. 

Interestingly, the situation in the case of ammonia is completely 
different: this gas is already able to swell the membrane and to produce 
the network of facilitated transport channels, in a similar fashion to 
water, thus decreasing the effect related to the presence of humidity in 
the gas stream. From another point of view, the analysis of humid gas 
permeability suggests the existence of competitive sorption between 
water and NH3, which both compete for the same acid –SO3H sites, so 
that the water sorbed is lowered by the presence of NH3. It is indeed well 
known that water sorption in ammonium-substituted Nafion is lower 

Fig. 6. Comparison between diffusion coefficients obtained permeability by 
applying the time-lag method and from transient-sorption experiment as a 
function of average activity. 

Fig. 7. Comparison of different gas permeation in humid conditions in Aquivion 
membranes at atmospheric upstream pressure. 
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than in the acidic form, indicating that water molecules are less able to 
interact with –SO3H groups when ammonia (or ammonium counterions) 
is present [18,78,94]. That leads to a reduced effect of relative humidity 
on ammonia permeability with respect to the other gases inspected 
[90–92]. 

Finally, due to the increased attention to green ammonia separation, 
it is also worthwhile to consider the ideal selectivity for NH3/N2 and 
NH3/H2, which can be calculated as the ratio between NH3 and N2 and 
H2 permeability. The data obtained for Aquivion C87-05 are displayed in 
the permeability-selectivity plot in Fig. 8 with red dots, compared to the 
performances of other materials, as obtained from the literature [17,19, 
25,30,95–98]. 

Interestingly, the ideal NH3 perm-selectivity values in Aquivion C87- 
05 reported in this work are basically the highest ever achieved both 
with respect to nitrogen and hydrogen. The obtained performances, 
indeed, are even better than those of similar PFSA materials, at least for 
pure gas permeation (e.g. Wakimoto et al. [25] who analyzed fluori
nated sulfonic acid/ceramic membranes); although competitive sorption 
and/or swelling phenomena may lead to a reduction of membrane 
performances. It is shown that NH3 permeability is at least one order of 
magnitude lower for the literature data (Nafion, Aquivion, and Aqui
vion-Li+/ceramic membranes) with respect to our case, passing from >
102 Barrer (reported by Wakimoto) to ≈104 Barrer (this work, red dots), 
in spite of the different operative temperature of the tests [25]. 

Moreover, both NH3/N2 and NH3/H2 selectivities of Aquivion C87- 
05 are more than the double than those of similar materials reported 
in the literature. It is also worth to notice that a slight decrease in 
selectivity occurs passing from dry to humid conditions (RH = 80%) for 
both pairs of gases, even though NH3 permeability rises from 2300 at 
RH80% to 6690 Barrer in dry conditions. In particular, NH3/N2 selec
tivity is reduced from 9600 to 3120, while NH3/H2 selectivity ranges 
between 1260 and 690 due to the presence of water clusters in the 
polymer matrix that occupy the –SO3H groups by decreasing the per
formance of the membrane. 

Fig. 8 includes, as a reference, the upper-bound curve calculated 
from pure penetrant data, following the approach proposed by Freeman 
[22], for both gas pairs. The model approach determines the slope of the 
curve from the kinetic diameter difference (dk: 260 p.m. for NH3, 289 p. 
m. for H2, and 364 p.m. for N2), while the position of the curve is mainly 
related to the relative solubility of the different penetrants, estimated 
from the Lennard-Jones temperature (ε/K: 558 K for NH3, 60 K for H2, 
and 71 K for N2). As one can see, a well-defined upper-bound between 
permeability and selectivity can be determined in the case of NH3/N2 
separation (black line in Fig. 8a), due to an appreciable difference in the 
size of the 2 penetrants. Conversely, in the case of NH3/H2, the two gases 
are characterized by a very similar size, and the curve results in an 
almost flat curve (dotted black line in Fig. 8b), located at quite high 
selectivity given by the different condensability. In the latter case, 

indeed, the upper-bound is not really meaningful, as already discussed 
by Robeson first [23,24], and later analyzed by Freeman [22]. 

Regarding the NH3/N2 selectivity, it is noteworthy that plenty of the 
experimental data included in the plot are actually overcoming such 
limits, most of them being PFSA membranes. That has to be ascribed to 
the peculiar nature of the ammonia/polymer interaction and to the 
facilitated transport of NH3 in the membrane. 

Finally, the results obtained in this work indicate that, to the best of 
the authors’ knowledge, Aquivion C87-05 is potentially the most indi
cated material for the targeted separation, with the best perm-selectivity 
for NH3/H2 separation and overall performance far beyond the theo
retical upper-bound for NH3/N2. 

5. Conclusion 

Aquivion C87-05 material has been studied as a possible candidate 
for ammonia gas separation for H2 and N2 containing streams to obtain 
greener energy processes. In this concern, the Aquivion membrane is 
characterized via transient sorption and steady-state permeation at 20, 
35, and 50 ◦C by using pure ammonia gas, both in dry and humid con
ditions, and the results are compared with those of hydrogen and 
nitrogen. 

Aquivion C87-05 exhibits extremely high NH3 solubility even higher 
than that of water, and with a very limited influence on temperature. 
The IR analysis shows that NH3 release is very slow after sorption and 
suggests that solvation interactions are formed in the materials between 
ammonia and the sulfonic groups present in the polymer side chains. In 
particular, the hypothesis of clusters formation including 3 or 4 
ammonia molecules per ionic group are needed to obtain a good 
description of the sorption isotherms through a theoretical model, based 
on Flory-Huggins and adapted to account for electrostatic polymer- 
penetrant interactions. 

Aquivion C87-05 also exhibits extremely high NH3 permeability, 
which, in dry conditions, reaches values around 17000 Barrer at 20 ◦C, 
and shows an increasing trend with upstream pressure. All the different 
experimental evidences indicate that ammonia transport through the 
membrane is actually driven by solubility rather than by diffusivity 
within the polymer matrix, even though the strong interaction and the 
large modification of the polymer upon sorption prevent the use of so
lution diffusion model. Moreover, these membranes show very high 
ideal selectivity of ammonia with respect to other gases, with values up 
to 7000 for the NH3/N2 pair and in the order of 1000 for NH3/H2. 

Compared to other gases, such as CO2 and H2S, or even light gases 
(N2 or H2) the presence of water produces a limited effect on the 
ammonia permeability, as a consequence of the acid-base affinity with 
the functional groups of the polymers, rather than the molecular size 
and/or the solubility of the gas in water vapor. Such behavior can be 
related to the competitive sorption between water and ammonia, which 

Fig. 8. Comparison between (a) NH3/N2 and (b) NH3/H2 Robeson Plot for literature perm-selectivity data in other polymers [22,25,30,96–100]. The experimental data 
obtained in this work are reported with red dots at 35◦C for dry and humid conditions (RH80%). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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both interact with acidic polymer pendant chains, creating clusters 
around the sulfonic groups. In addition to that, due to the high solubi
lity, ammonia is expected to form a percolated structure of polar 
channels within the polymer, which is very similar to that usually 
formed by water. 

Finally, the good separation performances obtained in this work and 
the intrinsic resistance of Aquivion to harsh environments, suggest that 
this polymer is an ideal candidate for the separation of hydrogen and 
nitrogen from NH3. 
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