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A B S T R A C T   

Toluene/methylcyclohexane is a promising liquid organic hydride for hydrogen storage and transport under 
ambient conditions. Direct toluene electro-hydrogenation electrolyzers, utilizing proton exchange membrane 
technology, offer benefits in reducing the reversible decomposition voltage and eliminating theoretical heat 
losses associated with conventional hydrogenation methods. Nevertheless, water transport across the membrane 
can inhibit the supply of toluene to reaction sites at the cathode. This study investigates water transport across 
the Nafion™ 117 membrane of an in-house electrolyzer cell, employing sulfuric acid and toluene solutions as the 
anode and cathode reactant, respectively, and operating at current densities from 0.1 to 0.8 A/cm2. The ex
periments show that the cathode toluene concentration has a negligible effect on drag water, while water flux 
increases with electric current and decreases with higher anode sulfuric acid concentrations. The modelling 
approach assumes electro-osmosis and diffusion mechanisms govern water transport. Simulations predict a linear 
decrease in the electro-osmotic drag coefficient from 2.3 to 1.6 as the sulfuric acid concentration rises from 0.1 to 
1.5 mol/L, while the back diffusion flux increases linearly up to 2 mg/(min⋅cm2). These findings closely align 
with experimental data and previous literature, despite the high complexity of water transport in polymer 
electrolyte membranes.   

1. Introduction 

Decarbonization requires a greater penetration of renewable energy 
sources and a reduced reliance on fossil fuels. However, renewables face 
bottlenecks such as intermittent generation and uneven geographic 
distribution, which can make direct electrification difficult in some lo
cations [1]. This requires the development of technologies for the stor
age and large-scale transport of green electricity. Green hydrogen is a 
promising renewable energy carrier for long-haul transport [2]. 

However, hydrogen is a gas at ambient conditions and has a very low 
volumetric energy density (e.g., 0.003 kWh/L, compared to gasoline’s 
8.6 kWh/L [3]), making it challenging to store and transport [4]. Among 
the numerous existing hydrogen storage technologies (e.g., compressed 
[5], liquefied hydrogen [6], metal hydrides [7], and so forth), liquid 
organic hydrogen carriers (LOHCs) are a type of organic hydride that 
enables storage and transport of hydrogen in the liquid phase at ambient 

temperature and pressure [8]. Fig. 1 illustrates the basic working prin
ciple of LOHCs, which reversibly bind hydrogen (hydrogenation) and 
release hydrogen (dehydrogenation) to and from a carbon-based mole
cule [9]. LOHC technology present a promising alternative to, for 
example, deep ocean pipelines [10], and offers potential solution for 
international maritime hydrogen trade [11,12]. Thus, LOHCs may play a 
key role in a global renewable energy market. Their integration into 
polygeneration schemes and distributed energy networks could enable a 
more efficient and flexible energy system, fostering sector coupling [13]. 

Despite the existence of multiple LOHC candidates, none are ideal in 
terms of storage capacity, dehydrogenation energy for hydrogen release, 
safety, and cost [14]. For example, the naphthalene/decalin system has 
good hydrogen storage capacity (2.2 kWh/L), but it risks solidification at 
ambient temperature [15], which can damage pipes, valves, and other 
accessories. The benzene/cyclohexane pair also has an acceptable 
hydrogen content (1.86 kWh/L), but benzene is a known carcinogen 
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[16]. While the toluene/methylcyclohexane (MCH) system has high 
dehydrogenation energy and temperature and a lower volumetric 
hydrogen storage capacity than other hydrogen carriers, such as liquid 
hydrogen or ammonia, it is an easily manageable and stable liquid over a 
wide temperature range (− 95–111 ◦C) [17]. Additionally, toluene has 
low toxicity and gasoline-like properties, allowing the use of existing oil 
infrastructure [18]. 

Fig. 1 also shows that direct toluene hydrogenation is a promising 
alternative to conventional toluene hydrogenation, which relies on a 
two-step process (electrolysis followed by hydrogenation in a chemical 
reactor). As shown in Fig. 2, direct toluene hydrogenation occurs in a 
single step using proton exchange membrane (PEM) electrolyzer tech
nology. This avoids the thermal losses associated with the conventional 
process (Fig. 1) and has a lower theoretical voltage than electrochemical 
water splitting (1.08 V vs. 1.23 V, respectively [19]). Therefore, direct 
toluene hydrogenation could improve energy efficiency compared to 
conventional toluene hydrogenation [20]. Direct toluene 
electro-hydrogenation electrolyzers operate by splitting water at the 
anode electrode to produce protons, electrons, and oxygen. The protons 
migrate through the polymeric electrolyte membrane to the cathode 
catalyst layer, where they react with the transferred electrons and the 
toluene transported through the porous transport layer to produce MCH. 
The following reactions occur simultaneously at both electrodes [21]: 

Anode : 2 H2O → O2 +4 H+ + 4 e− (1-1)  

Cathode : C7H8 +6 H+ +6 e− →C7H14 (1–2) 

However, the overall conversion ratio can be lower than 100 % in 
practice. Previous research on direct toluene electro-hydrogenation 
electrolyzers has focused on improving the electrochemical perfor
mance of this technology by studying the effects of the following factors 
[22]: Geometry of the flow field plates [19], operating temperature and 
toluene concentration [23], type of membrane [21], catalyst material 
[24,25] and thickness of the catalyst layer [20]. Recent studies have also 
visualized water droplets, and hydrogen bubbles on the cathode porous 
transport layer (PTL) and hydrogen bubbles inside the PTL for the first 
time [14,18], with the aim to understand their behavior and distribu
tion. Regarding private initiatives, ENEOS corporation [26] currently 
develops direct toluene electro-hydrogenation technology under the 
name Direct-MCH®. In 2023, the Japanese company built a demo plant 
in Australia featuring a 150-kW electrolyzer unit [27]. Their deployment 
roadmap continues towards megawatt-scale and commercialization. 

A research gap exists on a critical technical issue affecting the effi
ciency of direct toluene electro-hydrogenation electrolyzers: the trans
port of water across the proton-conducting membrane. As shown in 
Fig. 2, water dragged across the membrane from the anode side may 

obstruct the toluene transport pathway to the reaction sites. Conse
quently, toluene supply to the cathode catalyst layer may be insufficient, 
resulting in hydrogen gas generation as a side reaction. Thus, while 
membrane hydration is essential for proton conductivity [28], water 
transport across the membrane must be controlled. In fact, water man
agement plays a pivotal role in electrochemical devices. Numerous 
studies in proton exchange membrane fuel cell (PEMFC) technology 
have investigated the water mass transport within catalyst layers [29], 
gas diffusion layers [30] and across perfluorinated sulfonic-acid (PFSA) 
membranes (e.g., Nafion™) [31]. This paper focuses on the latter case, 
for the first time within the context of direct toluene 
electro-hydrogenation electrolyzer technology. 

The water transport across PFSA membranes is extremely complex, 
involving multiple mechanisms and is not fully understood [32]. The 
published data emphasize the uncertainty of the phenomenon [33]. For 
example, pressure, temperature, and concentration gradients can drive 
water transport, and protons migrating through the membrane can drag 
water molecules along with them [31], which are then discharged at the 
cathode. Besides, the understanding of water transport becomes notably 
intricate when employing a sulfuric acid solution as the anode reactant, 
as illustrated in Fig. 2. This approach, widely adopted in industrial 
electrolyzers with dimensionally stable electrode (DSE®) technology for 
oxygen evolution, relies on the stability of sulfuric acid’s anions and its 
proton source capacity, thereby promoting the electrolysis process [34, 
35]. Sulfuric acid induces concentration gradients between both sides of 
the polymeric electrolyte membrane, which impacts water transport 
through the membrane. Yet this aspect remains unexplored in direct 
toluene electro-hydrogenation electrolyzers. 

Considering the above-mentioned gaps of knowledge, this work 
presents an investigation that combines experiments and modelling to 
study the water transport across the polymeric electrolyte membrane of 
an operational direct toluene electro-hydrogenation electrolyzer cell. 
The experimental results are first analyzed to understand the phenom
ena under different operating conditions. Subsequently, these results are 
used to develop a model characterized by its simplicity and minimal 
number of parameters. 

2. Experimental and modelling 

2.1. Experimental setup 

Fig. 3 (a) shows the structure of the toluene direct toluene electro- 
hydrogenation electrolyzer used in this study, and Fig. 3 (b) shows a 
picture of the in-house cell developed. The anode’s end plate consists of 
a rib-and-channel flow field plate which leads to a parallel flow 
configuration in the height direction of the electrolyzer and improve the 

Fig. 1. Schematic diagram of the conversion of renewable electricity to green hydrogen, its long-distance transport via the hydrogenation (conventional or direct 
method) and dehydrogenation of a liquid organic energy carrier (LOHC), and its utilization at the point of demand. (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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escape of oxygen bubbles generated at the electrode. As for the cathode 
side, a flat flow field end plate was used. To avoid fluid leakages, a 
gasket was placed between the membrane and the titanium end plates 
on both the anode and cathode sides, and the anode was pressed against 
the membrane. The anode is based on industrial electrolyzers and uses 
DSE® technology electrode for the oxygen evolution reaction [36]. 
Sulfuric acid and toluene solutions were supplied as anode and cathode 
reactants, respectively. 

The membrane cathode assembly (MCA) was prepared by 

sandwiching the catalyst-coated substrate (CCS) and the polymer elec
trolyte membrane (Fig. 3(a)). The CCS was integrated by the cathode’s 
catalyst layer and PTL. The PTL consists of carbon paper (SGL Sigracet® 
10BC [37], hydrophobic) loaded with 0.02 mg/cm2 of Pt nanoparticles 
to enhance the indirect hydrogenation of toluene, utilizing the hydrogen 
gas generated as a byproduct from a side reaction within the cathode 
catalyst layer. In the preparation of the catalyst layer, Pt–Ru/C powder 
(TEC61E54, Tanaka Kikinzoku Kogyo [38]) was blended with a 
perfluoro-sulfonic acid (PFSA) polymer dispersion of 5 wt% ionomer 

Fig. 2. Schematic diagram of a direct toluene electro-hydrogenation cell.  

Fig. 3. Direct toluene electro-hydrogenation electrolyzer developed in this study. (a) Main components. (b) Photograph. (c) Schematic diagram of the experi
mental setup. 
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(Nafion™, Dupont) and using 1-propanol as a solvent. This mixture was 
then subjected to ball milling for 30 min at 300 rpm, employing 15 
zirconia balls with a 3 mm diameter. Subsequently, using a bar-coater 
and a 0.45 mm-thick aluminum mask, the mixed ink was applied into 
the microporous layer side of the PTL serving as the porous substrate 
material. The resulting catalyst (Pt–Ru) loading and active area were 
0.669 mg/cm2 and 10 × 10 cm2, respectively. Finally, the perfluorinated 
sulfonic-acid membrane (Nafion™ 117) and the CCS were bonded by 
hot pressing at 120 ◦C and 4 MPa for 3 min. 

Fig. 3(c) shows the schematic diagram of the experimental system, 
whose operation is as follows. Toluene was supplied to the cathode side 
at 100 and 10 vol% on dilution with MCH to represent the bottom and 
upper position of the cathode side in a large-scale electrolyzer. On the 
other hand, the concentrations of sulfuric acid considered in the anode 
reactant were 0.1, 0.5, 1.0 and 1.5 mol/L. Regarding the electric current, 
the electrolyzer cell operated within the range of 0.1–0.4 A/cm2, with 
increments of 0.1 A/cm2, for the case of 10 % toluene in the cathode 
reactant. For the scenario with toluene concentration at 100 % in the 
cathode reactant, the operation covered the range of 0.2–0.8 A/cm2, 
with increments of 0.2 A/cm2. Table 1 summarizes the operating con
ditions and the main features of the electrolyzer cell. 

The following experimental procedure was implemented to quantify 
the transported water across the membrane. Initially, a pretreatment 
phase (2 h) was undertaken to enhance the stability of both water 
content and the proton conduction pathway within the electrolyte 
membrane. This pretreatment also aimed to mitigate potential irregu
larities in the sulfuric acid concentration distribution across the mem
brane, ensuring uniformity, and establishing a consistent electrocatalyst 
performance during the initial break-in period. The pretreatment pro
tocol consisted of two sequential stages. The initial stage involves 
membrane swelling, where diluted sulfuric acid and toluene solution 
were separately supplied to the anode and cathode sides. This phase 
occurred under open-circuit conditions at 60 ◦C for a duration of 1 h. 
Following this, an electric current was applied at a rate of 0.4 A/cm2 for 
1 h. The pretreatment protocol was executed at the beginning of each 
experimental set, determined by a given concentration of sulfuric acid or 
toluene in the anode or cathode reactant, respectively. 

After the pretreatment, air was introduced into both the anode and 
cathode sides to facilitate pipe drainage. Next, the concentrations of 
sulfuric acid and toluene at the anode and cathode reactants, respec
tively, were adjusted, and the system was operated in recirculation 
mode for 20 min before electrolysis. This step was taken to maintain the 
water permeation rate at equilibrium conditions consistent with the 
pretreatment stage, despite the minimal water permeation through the 
membrane under open circuit conditions. Afterward, a constant electric 
current density was applied for 20 min, and the fluid stream exiting the 
cathode was collected. Because water droplets are immiscible with the 
oil phase (i.e., toluene and MCH), they can be extracted using a dropper 
and subsequently weighed on a balance. After measuring the water 
quantity for all the electric current densities investigated, the entire 
experimental process was replicated for the other sulfuric acid and 
toluene concentrations considered in this work. 

Sulfuric acid crossover. Cation exchange membrane prevents anion 
transportation, but small amount of sulfate anion in anolyte also per
meates the membrane influencing water transport. To assess the amount 
of sulfuric acid permeating the membrane, the following method was 
implemented. A pH meter was utilized to measure the water collected at 
the cathode drain, under conditions where 100 % toluene was supplied 
at a current density of 0.4 A/cm2. The sulfuric acid concentration in the 
collected water was determined by comparing it with standard sulfuric 
acid solutions of known concentrations, ranging from 0.01 to 1.5 mol/L. 
Toluene crossover has been excluded from consideration, in line with 
the low permeability values reported by Nagasawa et al. [21]. 

2.2. Modelling 

Fig. 4 depicts a schematic diagram of the water transport through the 
polymer electrolyte membrane of a direct toluene electro-hydrogenation 
electrolyzer. A one-dimensional modelling (x-direction) in the through- 
plane direction of the membrane has been developed in Python 3.12.0 
[39]. 

The modelling assumes that the electrolyzer operates under steady- 
state and equilibrium conditions. The water transport across the mem
brane is mainly governed by electro-osmotic drag and back-diffusion 
mechanisms. The entire system is assumed to be maintained at a con
stant and uniform temperature throughout [40]. Consequently, water 
transport via thermo-osmosis [41] is disregarded. On the other hand, 
this study does not consider the water mass transport due to convection 
driven by pressure gradient (i.e., hydraulic permeation) [42–44]. The 
net water flux (Nw,net) across the membrane is computed using the 
following mathematical expression: 

Nw,net =Nw,EOD + Nw,DIF (2) 

The electro-osmotic drag flux (Nw,EOD) is calculated as follows: 

Nw,EOD =
ξ × i

F
(3)  

where i represents the electric current density (A/m2) and F is Faraday’s 
constant (96 485 A s/mol). The variable ξ is the electro-osmosis coeffi
cient and signifies the number of water molecules carried by each proton 
moved by an electric field through the membrane and migrating from 
the anode to the cathode side [32]. Despite there is a large body of 
literature on the estimation of ξ in perfluorinated sulfonic-acid mem
branes, this coefficient has been controversial due to the complex nature 
of coupled ion/water transport and the difficulty in measuring it [33]. 
Many authors have proposed correlations that establish a relationship 
between the electro-osmotic drag coefficient and the hydration number 
of the membrane [33], yet none are fully satisfying. Based on previous 
studies, the modelling presented in this work assumes that this 

Table 1 
Electrolyzer characteristics and experimental conditions.  

Parameter Value 

Catalyst weight ratio ionomer/Carbon 0.8:1.0 
Cathode catalyst (Pt–Ru) loading 0.669 mg/cm2 

Cathode porous transport layer SGL 10BC+ 0.02 mg-Pt/cm2 

Active area 10 × 10 cm2 

Toluene supply (cathode), ratio to MCH 10, 100 vol% 
H2SO4 concentration at anode’s reactant 0.1, 0.5, 1.0, 1.5 mol/L 
Cell operating temperature 60 ◦C 
Current density range 0.1–0.8 A/cm2 

Cathode flow rate (toluene solution) 10 mL/min 
Anode flow rate (sulfuric acid solution) 10 mL/min  

Fig. 4. One-dimensional water transport across the polymer electro
lyte membrane. 
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coefficient is independent of the electric current density [45]. 
The diffusion flux (Nw,DIF) arises from the water concentration 

gradient (Δλ) between the surfaces of the Nafion™ membrane. Its 
mathematical expression is presented as follows [46]: 

Nw,DIF = − Dw,F ×
ρm

EW
Δλ
Δx

(4)  

where ρm and EW are the density (dry, 2 000 kg/m3), and equivalent 
weight (1.1 kg/mol) of the membrane, respectively. The term Δλ ≅

λx=δ − λx=0 is the water content gradient between both sides of the 
membrane, and Δx corresponds to the thickness of the membrane (δ, 
183 μm), which is assumed to remain constant regardless of the water 
content [47]. The membrane water content λ (mol H2O/mol SO3

− ), 
whose calculation is explained in detail in Appendix A.1, represents the 
number of water molecules per mole of sulfonic acid groups in the 
Nafion™ [48]. For the sake of simplification, the model assumes a linear 
variation in water content across both sides of the membrane [49]. The 
coefficient Dw,F in Eq. (4) is the average steady-state Fickian diffusivity 
of water in the membrane. Similar to the electro-osmotic mechanism, 
diffusion coefficient has been a source of substantial uncertainty and 
debate in scientific literature for many years [50]. 

This study does not consider interfacial water transport resistances 
on either side of the membrane. These resistances are effectively elim
inated or minimized in membranes that have been equilibrated with a 
liquid phase [4,5]. Therefore, in terms of boundary conditions, the water 
content of the membrane at the interfaces between DSE®/membrane 
and membrane/cathode catalyst is computed using the thermodynamic 
activity of water in the bulk solution at the anode (aw,a) and cathode 
(aw,c) sides, respectively (Fig. 4). 

According to the modelling assumptions, substituting Eq. (3) into Eq. 
(2) yields a linear relationship of the net water flux and current density. 
The pair ξ and Nw,DIF are determined to minimize the error between the 
measured and calculated net water flux for each case of sulfuric acid 
concentration at the anode. Subsequently, the coefficient Dw,F is calcu
lated using Eq. (4). 

Lastly, in order to assess the accuracy of the calculations derived 
from the aforementioned modeling when compared to the experimental 
data, we employed the normalized mean bias error (NMBE), defined as 
follows: 

NMBE =
1

NwE

∑n

j=1

(
NwE,j − NwC,j

)

n
× 100% (5)  

where NwE and NwC represent the measured and calculated net water 
flux, respectively, n is the number of experimental values measured for a 
given anode sulfuric acid concentration and NwE denotes the arithmetic 
mean of the sample of n measurements. 

3. Results and discussion 

3.1. Experimental measurements 

Fig. 5 (a) shows the total water flux measured at the cathode outlet 
under various operating conditions, including electric current, sulfuric 
acid concentration, and toluene concentration. The results show no 
significant difference in water flux between the 10 and 100 vol% toluene 
solutions. Therefore, the effect of toluene concentration on water flux 
across the membrane is negligible. For the simulations, the average 
water flux was considered for those electric current densities where 
water flux was measured at both toluene concentrations. 

The amount of water dragged across the membrane increased with 
electric current and decreased with sulfuric acid concentration in the 
anode reactant. For instance, with a 1.5 mol/L sulfuric acid solution, the 
water flow decreased by 2.1 mg/(min⋅cm2) and 7.7 mg/(min⋅cm2) at 0.1 
and 0.8 A/cm2, respectively, compared to a 0.1 mol/L sulfuric acid so
lution. In relative terms, that water flux decrease was more noticeable at 
lower electric currents. For example, at 0.2 A/cm2 and with a 0.1 mol/L 
sulfuric acid solution, the water flux decreased by 23 %, 48 %, and 68 % 
as the sulfuric acid concentration increased to 0.5, 1.0, and 1.5 mol/L, 
respectively. When the electric current was raised to 0.8 A/cm2 under 
the same sulfuric acid conditions, the reductions in water flow were 8.1 
%, 26.1 %, and 37.5 %. This suggests that the sulfuric acid concentration 
could be adjusted to control water transport depending on the operating 
conditions. 

As depicted in Fig. 5(a), the slope of the water flux exhibits a 
decreasing trend as the anode’s concentration of sulfuric acid increases, 
while the intercept with the ordinate axis shifts towards more negative 
values. This observation implies that, for a constant electric current, the 
electro-osmotic flux tends to decrease as the sulfuric acid concentration 
rises, while the back diffusion effect intensifies. A more detailed dis
cussion of this phenomenon will follow in the subsequent sections. 

Fig. 5(b) shows the amount of sulfuric acid measured at the cathode 
side for different anodic sulfuric acid concentrations at a current density 
of 0.4 A/cm2 and a 100 vol% toluene solution at the cathode side. The 
results show that sulfate ions, as anions, also permeate the Nafion™ 
film. For example, the sulfuric acid concentration at the cathode outlet 
was 0.14 mol/L when the anodic sulfuric acid concentration was 1.5 

Fig. 5. Experimental measurements. (a) Net water flux as a function of electric current density and sulfuric acid concentration in the anode reactant. (b) Sulfuric acid 
concentration at the cathode side as a function of its concentration at the anode. 
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mol/L and 0.09 mol/L when the anodic sulfuric acid concentration was 
0.5 mol/L. This indicates that approximately 1/10 of the sulfuric acid in 
the anode reactant crosses over to the cathode side, creating a concen
tration gradient in the membrane that drives back diffusive water flux. 

Table A.1 (Appendix A) shows the thermodynamic activity of water 
and the water content of the membrane at the cathode and anode sides, 
both calculated using the method explained in section 2.2. The rela
tionship between the cell potential and the current density is shown in 
Appendix B. 

3.2. Electro-osmotic drag mechanism 

Fig. 6 (a) and Table 2 shows the electro-osmotic drag coefficient that 
minimized the deviations between the calculated and measured net 
water flux. The electro-osmotic drag coefficient obtained decreases 
nearly linearly from 2.3 to 1.6 (mol H2O/mol H+) as the concentration of 
sulfuric acid in the anode reactant increases from 0.1 to 1.5 mol/L. 
Hence, the electro-osmotic drag coefficient can be estimated from the 
following mathematical expression: 

ξ=2.44 − 1.35 × CH2SO4 (6)  

where CH2SO4 denotes the sulfuric acid concentration (mol/L) in the 

reactant flow supplied to the anode side. 
Utilizing that mathematical expression alongside Eq. (3), Fig. 6(b) 

graphically illustrates the decrease of the electro-osmotic water flux as 
the sulfuric acid concentration in the anode reactant increases for 
electric current densities between 0.1 and 0.8 A/cm2. For example, 
supplying sulfuric acid at 0.5, 1.0, and 1.5 mol/L reduces the electro- 
osmotic flux of water by 9 %, 20 %, and 31 %, respectively, compared 
to supplying sulfuric acid at 0.1 mol/L and operating at 0.4 A/cm2. 

Fig. 6(c) compares the electro-osmotic drag coefficient estimated for 
the membrane of the operating electrolyzer cell used in this work to that 
obtained from well-representative studies, as a function of the mem
brane hydration number. The electro-osmotic drag coefficient estimated 
for the lowest sulfuric acid concentration considered (i.e., 0.1 mol/L) 
matches the obtained by other authors for liquid water-equilibrated 
membranes (i.e., ξ ≈ 2.5 for λ > 20) [51,52], and its monotonic in
crease with the membrane water uptake is consistent with most prior 
investigations. 

The electro-osmotic drag coefficient in the MCH direct electrolyzer 
exhibits, in general, a more pronounced decline than predicted in the 
literature as the water content of the membrane decreases. One plausible 
explanation for this finding is that a higher concentration of sulfuric acid 
in the anode reactant, which reduces slightly the average water content 

Fig. 6. (a) Electro-osmotic drag coefficient that reports the best match between the experimental water flux and the modelling outputs for electric current densities 
between 0.1 and 0.8 A/cm2, operating at 60 ◦C. (b) Electro-osmotic water flux calculated using Eq. (3) with the electro-osmotic drag coefficient estimated from Eq. 
(6). (c) Comparison of the electro-osmotic drag coefficient obtained in this study with previous values reported in the literature [31,43,46,52–62]. 
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of the membrane (Table A.1), may lead to an increased presence of 
sulfate ions in the membrane. This may cause more water molecules to 
remain attached to sulfate ions, which reduces the number of hydronium 
ions (H3O+, water molecules associated with each solvated proton) 
moving across the membrane, thus reducing the transport of protons via 
the “vehicle mechanism [63]”. Consequently, less water might be 
dragged across the membrane towards the cathode. Furthermore, the 
membrane in the MCH direct electrolyzer is liquid equilibrated and 

exhibits high hydration levels (λ ≈ 18–22) for the entire sulfuric acid 
concentration range investigated. This may promote proton dissociation 
and mobility, enabling them to hop from one water molecule to the next 
inside the membrane (Grotthuss hopping mechanism [64]), leading to a 
structural diffusion that does not involve the bulk flow of water across 
the membrane. 

Table 2 
Calculated and measured water flux and modeling parameters for the best fit.  

Sulfuric acid in anode reactant, 
mol/L 

Case* Net water flux, mg/(min⋅cm2) Fitting parameters NMBE 
(Eq.  
(5)) Electric current density, A/cm2 Electro-osmotic drag 

coefficient 
Diffusive water flux, mg/ 
(min⋅cm2) 

0.1 0.2 0.3 0.4 0.6 0.8 

0.1 C 2.54 5.22 7.90 10.57 15.93 21.28 2.37 0.04 0.85 % 
E 2.50 5.38 7.85 10.66 15.90 20.61 

0.5 C 1.76 4.20 6.63 9.07 13.94 18.81 2.24 0.95 0.19 % 
E 1.53 4.15 6.50 9.12 14.08 18.93 

1.0 C 0.79 2.92 5.06 7.19 11.46 15.73 1.84 1.28 1.6 % 
E 0.79 2.80 4.92 7.13 11.60 15.23 

1.5 C 0.00 1.65 3.48 5.31 8.98 12.65 1.66 1.98 − 3.4 % 
E 0.44 1.73 3.48 5.48 9.17 12.89 

* Nomenclature. E: Experimental measurement (the average water flux was considered when measurements at 10% and 100% were available for a given current 
density). C: Calculated according to the modelling approach presented in Section 2.2. 

Fig. 7. (a) Back-diffusion flux that reports the best match between the experimental water flux and the modelling outputs for electric current densities between 0.1 
and 0.8 A/cm2, operating at 60 ◦C. (b) Share of the back diffusion flux to the total water dragged through the membrane of the electrolyzer cell for electric current 
densities between 0.1 and 0.8 A/cm2. (c) Comparison of the Fickian diffusion coefficient obtained with previous literature [46,53,61,62,65–72]. 
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3.3. Back diffusion mechanism 

Fig. 7(a) and Table 2 show the value of the back diffusion water flux 
that minimizes the deviation between the calculated and experimentally 
measured net water flux across the Nafion™ membrane. The results 
indicate a roughly linear increase in the back diffusion flux with added 
sulfuric acid in the anode-side reactant. For example, the back diffusion 
flux increases from 1.28 to 1.98 mg/(min⋅cm2) (i.e., by ~55 %) when 
the sulfuric acid concentration increases from 1.0 to 1.5 mol/L. 

The back diffusion flux, in mg/(min⋅cm2), can be estimated from the 
following mathematical expression as a function of the anode sulfuric 
acid concentration: 

Nw,DIF =1.348 × CH2SO4 (7) 

The lower water content in the membrane at the anode side 
compared to the cathode side (see Table A.1) results in a back diffusion 
flux of water opposite to the electro-osmotic drag flux. As shown in Fig. 7 
(b), this back diffusion significantly affected the net water transport, 
especially when the cell operates at low electric current densities and 
with higher concentrations of sulfuric acid in the anode reactant. At a 
concentration of 0.1 mol/L, the diffusion mechanism’s significance is 
almost negligible. However, its magnitude is substantial at anode sul
furic acid concentrations of 0.5, 1.0, and 1.5 mol/L and at low current 
densities, representing more than 10 %, 20 %, or 30 % of the electro- 
osmotic flux, respectively, at electric current densities below 0.4 A/ 
cm2. Nonetheless, as the operating electric current increases, the impact 
of diffusion on the net flux decreases and becomes less significant 
compared to the electro-osmotic flux, even when the anode’s sulfuric 
acid concentration was 1.5 mol/L. 

Fig. 7(c) compares the steady-state Fickian diffusion coefficients 
obtained in this work (calculated from the hydration numbers given in 
Table A.1) with values reported in other studies related to Nafion™ 
membranes as a function of the hydration number. Reported diffusivity 
values for perfluorinated sulfonic-acid membranes exhibit a wide range, 
spanning between four orders of magnitude. In the case of the mem
brane used in the electrolyzer cell explored in this research, diffusivity 
coefficients are estimated at approximately 4-5 × 10− 6 cm2/s, as 
determined from Eq. (4) and the hydration numbers outlined in 
Table A.1. These values fall within the range displayed in Fig. 7(c), thus 
are consistent with diffusivity predictions from prominent studies that 
focus on water diffusion in Nafion™ membranes. 

4. Conclusions 

This paper investigated water mass transport through the polymer 
electrolyte membrane of an operating direct methylcyclohexane elec
trolyzer. The following conclusions can be drawn:  

• The amount of water dragged from the anode to the cathode across 
the membrane increased with electric current. Electro-osmosis 
became the dominant water transport mechanism at high currents, 
while diffusion was significant at low currents. The concentration of 
toluene in the cathode reactant had a negligible impact on water 
transport across the Nafion™ membrane.  

• Using diluted sulfuric acid as an anode reactant reduced water 
transport across the membrane and provided a degree of control over 
this variable. Increasing sulfuric acid concentration enhanced the 
back-diffusion mechanism due to the larger water concentration 
gradient between the two sides of the membrane, which will have a 
positive impact on toluene conversion efficiency. In contrast, the 
electro-osmotic effect was likely reduced by the larger number of 
sulfate ions in the membrane, thereby decreasing the number of 
water molecules associated with each proton moving across.  

• Despite the complexity of water transport in perfluorinated sulfonic- 
acid membranes, the calculations based on the simplified modeling 
approach presented in this study demonstrated strong agreement 
with experimental data. The estimated electro-osmotic and diffusion 
coefficients were also consistent with values reported in the 
literature. 

Because water drag across the membrane is a critical performance 
limitation, the results of this study will aid engineers and researchers in 
enhancing the design and optimizing the performance of toluene direct 
electro-hydrogenation electrolyzers. Future work will explore using 
different membranes and anode configurations to control water drag. 
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Appendix A. Water activity at the membrane 

Numerous authors have developed correlations to calculate λ as a function of the thermodynamic activity of water (aw) in water vapor-equilibrated 
membranes, for example, based on polynomial fits to experimental data [46,73]. Yet there is a significant disparity between them across the entire 
activity range. As highlighted by the water isotherms depicted in Fig. A.1 (a), these differences become particularly pronounced when approaching 
saturation, due to puzzling features of PFSA membranes such as Nafion and complex and controversial phenomena like Schroeder’s paradox [74], 
which indicates that polymers absorbs more water when equilibrated in the liquid phase compared to the saturated vapor phase [75]. The complex 
and controversial remains unresolved, with no consensus among scholars [76]; some results prove Schroeder’s Paradox, while others defend its 
absence. 
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Figure A.1 (b) also shows that liquid water-equilibrated membranes and sulfuric acid-equilibrated membranes have similar hydration numbers. 
However, vapor-equilibrated membranes have lower water uptake than sulfuric acid solutions, which are liquid over the entire thermodynamic 
activity range. This paper calculates the water content using the water uptake isotherm proposed by Tang et al. [77], which was specifically developed 
for membranes equilibrated with diluted sulfuric acid solutions at various concentrations.

Fig. A.1. (a) Water uptake isotherms for PFSA membranes, developed for sulfuric acid solution-equilibrated membranes (Tang et al. [77]) and 
liquid/vapor-equilibrated membranes [46,52,73,76]. (b) Water activity for sulfuric acid solutions developed by Zhang et al. [78] and based on the NRTL molecular 
activity model. The shaded area represents the sulfuric acid concentration range used in this study. 

The thermodynamic activity of water was determined based on the concentration of sulfuric acid. This calculation relies on the model established 
by Zhang et al. [78], which is graphically represented in Fig. A.1 (b) as a function of the sulfuric acid concentration. In the range of sulfuric acid 
concentrations considered in this work (shaded area) the water activity is barely affected by the operating temperature. 

Table A.1 presents the calculated water activity and hydration number for each scenario in this study, determined by the sulfuric acid concen
tration in the anode reactant. 

Appendix B. Polarization curves 

Figure B.1. Shows the polarization curves obtained by chronoamperometry.  

Table A.1 
Activity of water and water content of the membrane.  

Sulfuric acid in anode reactant, mol/L Thermodynamic activity of water (aw)a Water content of the membrane (λ)c, 
mol H2O/mol SO3

−

Anode (aw,a) Cathode (aw,c)b Anode (λx = 0) Cathode (λx = δ)b λ Δλ 

0.1 0.9981 0.9998 21.74 21.98 21.86 0.23 
0.5 0.9879 0.9991 20.41 21.88 21.14 1.47 
1.0 0.9704 0.9981 19.05 21.74 20.40 2.69 
1.5 0.9481 0.9970 17.86 21.60 19.73 3.74 

aCalculated from the activity model for sulfuric acid solutions published in Zhang et al. [78]. 
bCalculated by assuming a 1/10 crossover of sulfuric acid from the anode reactant to the cathode side (Fig. 5(b)). 
cBased on the water uptake isotherms developed by Tang et al. [77].  
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Fig. B.1. Cell voltage as a function of the current density for various sulfuric acid concentrations in the anode reactant. Toluene supply (cathode), ratio to MCH: (a) 
10 %, (b) 100 %. 
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